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SUMMARY 


The  prime  objective  of  this  program  is  to  define  the  preliminary  design  and 
matching  of  an  axial-centrifugal  compressor  for  minimum  engine  specific 
fuel  consumption  at  60  percent  power  and  30  percent  power,  with  secondary 
importance  attached  to  SFC  at  100  percent  power. 

Analytical  procedures  were  employed  to  investigate  effects  of  engine  cycle 
parameters,  stage-matching  characteristics  of  several  axial  and  centrifugal 
compressors,  variable  compressor  geometry  (two-spools  and  stator  variable 
setting  angles)  ,  and  power  turbine  variable  area,  upon  minimum  fuel  con¬ 
sumption.  Design  studies  were  employed  in  the  consideration  of  shafting 
and  component  arrangements.  Comparative  engine  complexity  of  one-spool  and 
two-spool  compressors  in  front  drive  engines  was  evaluated  in  the  selection 
of  an  optimum  compressor  configuration. 

The  selected  compressor  preliminary  design  is  based  closely  on  stage  pres¬ 
sure  ratio  levels  that  have  been  attained  in  previous  developments;  new 
requirements  are  an  axial  compressor  with  improved  efficiency  and  demon¬ 
strated  flow  variability  and  a  c<  '  trifugal  compressor  with  modified  con¬ 
figuration  for  close  coupling  bet  ind  axial  stages.  The  selected  compressor 
can  be  developed  in  a  three-year  program. 

The  compressor  preliminary  design  has  a  single  spool  with  two  variable 
stator  transonic  axial  stages  close  coupled  to  a  centrifugal  compressor. 

At  60  percent  of  military  rated  power,  a  pressure  ratio  of  14.6  results  in 
an  engine  specific  fuel  consumption  of  0.45  lb/hp/hr  at  60  percent  power. 
The  need  for  performance  range  in  such  high  pressure  ratio  compressors  is 
found  to  be  satisfied  by  two-spool  compressors  as  well  as  by  single-spool 
variable  stator  compressors.  Compared  to  the  latter,  two-spool  compressors 
were  judged  to  hold  potential  performance  advantages  which,  for  front-drive 
turboshaft  engines,  are  outweighed  by  development  risks  due  to  the  asso¬ 
ciated  mechanical  complexity.  In  addition,  a  preliminary  design  was  de¬ 
veloped  for  a  single  -spool  fixed -geometry  compressor,  which  has  two 
transonic  axial  stages  close  coupled  to  a  centrifugal  compressor  with 
inter-stage  bleed  required  for  low-speed  operation.  At  60  percent  of 
military  rated  power  a  pressure  ratio  of  9.1  results  in  an  engine  specific 
fuel  consumption  of  0.5  lb/hp/hr.  A  hypothetical  engine  incorporating 
this  compressor  was  found  to  yield  no  lower  part-power  specific  fuel  con¬ 
sumption  values  with  power  turbine  area  variable  than  with  power  turbine 
area  fixed.  The  fixed -geometry  power  turbine  can  provide  both  minimum  SFC 
and  mechanical  simplicity. 

Attainment  of  minimum  part- load  fuel  consumption  can  be  facilitated  by  fur¬ 
ther  work  on  the  axial  and  centrifugal  compressor  elements.  The  develop¬ 
ment  of  octal  compressors  should  include  investigation  of  flow  modulation 
by  varying  stator  setting  angles  so  as  to  keep  the  axial  stages  operating 
out  of  stall  and  at  high  efficiency  over  the  engine  operating  range.  The 
development  of  centrifugal  compressors  should  include  investigation  of 
configurations  with  high  inlet  hub  radii  suitable  for  close  coupling  to 
axial  boost  stages. 
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FOREWORD 


A  study  has  been  performed  under  United  States  Army  Contract  DAAJ02-69-C- 
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INTRODUCTION 


BACKGROUND 


For  a  number  of  years,  the  Army  has  sponsored  research  on  small  (2-5  lb/sec 
airflow)  gas  turbine  engine  components.  Prior  to  this  program,  the  major 
effort  had  been  devoted  to  Individual  components,  l.e.,  axial  compressor, 
centrifugal  compressor,  combustor,  radial  turbine,  axial  turbine,  regenera¬ 
tor,  etc.  In  addition,  engine  studies  primarily  directed  toward  optimiza¬ 
tion  at  military  power  operation  had  been  conducted,  although  part-power 
operation  had  also  been  investigated. 

Under  this  contract,  the  contractor  has  conducted  the  preliminary  design 
and  matching  of  two  axial-centrifugal  compressors  having  one  centrifugal 
stage  and  two  (transonic)  axial  stages.  Primary  emphasis  in  the  selection 
and  design  of  these  compressors  has  been  placed  on  obtaining  minimum  spe¬ 
cific  fuel  consumption  at  60  percent  and  30  percent  power  points,  with 
the  100  percent  power  point  being  of  secondary  importance.  The  turbine 
performance  was  considered  only  to  the  extent  necessary  to  permit  the  com¬ 
putation  of  engine  performance. 

APPROACH 


Engine  Cycle  Analysis 

The  merit  of  compressors  was  evaluated  by  making  a  preliminary  estimate  of 
engine  performance  by  use  of  the  parametric  cycle  data  described  below. 
Compressor  performance  curves  show  the  efficiencies  attainable  in  a  three- 
year  development  program  by  various  stage  combinations  at  various  pressure 
ratios,  thus  permitting  a  preliminary  estimate  of  the  optimum  performance 
and  parametric  match  point  data.  The  parametric  cycle  data  presented  in 
this  section  provide  working  tools  for  later  stages  of  the  program. 

Parametric  Cycle  Data 


Engine  cycle  studies  were  conducted  for  a  family  of  front -drive  turbo 
shaft  engines  for  the  following  range  of  parameters: 

Pressure  Ratio:  3,  5,  10,  15,  20 
Turbine  Efficiency:  75,  80,  85,  90  percent 
Compressor  Efficiency:  70,  75,  80,  85,  90  percent 
Turbine  Inlet  Temperature:  1900°,  2200°,  2500°F 

An  additional  set  of  data  was  computed  for  a  turbine  inlet  tempera¬ 
ture  of  2100°F,  for  a  turbine  efficiency  of  85  percent,  and  for  the 
ranges  of  pressure  ratio  and  compressor  efficiency  given  above. 
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Compressor  Performance  Curves 


The  variations  of  attainable  (in  a  three-year  development  program)  com¬ 
pressor  efficiency  with  pressure  ratio  were  defined  by  reference  to 
literature  for  subsonic -transonic  axial  stages,  supersonic  axial  stages, 
and  centrifugal  stages.  The  stage  performances  were  combined  to  deter¬ 
mine  the  corresponding  attainable  efficiencies,  as  functions  of  pres¬ 
sure  ratio,  for  various  composite  compressors.  In  the  course  of  this 
combining  of  stages,  the  best  stage  combinations  for  high  efficiency 
were  defined,  and  the  principles  for  the  best  division  of  work  between 
stages  were  set  forth. 

Optimum  Performance  and  Parametric  Match  Point  Data 


The  data  of  the  preceding  work  were  examined  in  an  attempt  to  establish 
combinations  of  cycle  parameters  which  produce  the  minimum  specific 
fuel  consumption  and  to  define  goals  for  60  and  30  percent  of  military 
rated  power  points.  Parametric  match  curves  were  determined  for  a 
range  of  compressor  efficiencies  at  two  pressure  ratios.  An  evaluation 
of  the  effects  of  turbine  area  was  necessarily  deferred  until  the  com¬ 
pressor  characteristics  could  be  defined  and  considered  in  greater 
detail . 

Preliminary  Design 


Numerous  compressor  preliminary  designs  were  investigated  for  which  each 
compressor  and  engine  match  was  optimized  for  60  percent  power  specific 
fuel  consumption.  Investigations  of  front  drive-shaft  locations,  compres¬ 
sor  stage  combinations,  optimum  location  of  peak  efficiency,  and  turbine 
area  variation  preceded  the  final  selection  of  the  compressor  type  and  the 
definition  of  compressor  design  and  performance. 

Component  Configuration 

1.  Two-spool  compressors  were  investigated  to  determine  the 
added  complexity  associated  with  front  or  rear  drive-shaft 
location. 

2.  Centrifugal  compressor  blade  path  was  configured  to  be  coupled 
close  behind  the  axial  compressor. 

Compressor  Characteristics  (Related  to  Engine  Performance) 

Compressor  performance  was  defined  in  terms  of  conventional  performance 
maps.  The  compressor  maps  were  then  matched  to  engines,  and  the  engine 
performance  criteria,  particularly  BSFC  at  60  percent  power,  were  used 
as  indicators  of  merit  for  comparing  the  various  compressor  configura¬ 
tions  . 


2 


1.  A  mean-line  mapping  program was  uacd  to  predict  performance  for 
a  family  of  three  compreaaora  with  dcaigna  opflmlrcd  at  various 
fractions  of  a  maximum  speed.  An  optimum  design  speed  for  60 
percent  power  minimum  specific  fuel  consumption  was  sought. 

2.  A  stage  matching  procedure  was  used  to  determine  the  combined 
performance  of  two  compressors,  called  l.P  (low  pressure)  and 
HP  (high  pressure) .  More  than  25  various  combinations  of  3 
LP  axial  and  2  HP  centrifugal  compressors  were  investigated, 
including  fixed-atator ,  two-spool,  and  varlable-aiator  configu¬ 
rations.  One-  and  two -stage  LP's  were  used. 

3.  The  location  of  peak  efficiency  on  the  compressor  map  was 
selected  as  a  parameter  affecting  60  percent  power  fuel  con¬ 
sumption.  Location  of  the  peak  at  50  percent,  75  percent, 
and  100  percent  of  the  military  power  flow  rate  was  Investi¬ 
gated  for  pressure  ratios  of  10,  15,  and  20  to  determine 
effects  on  minimum  60  percent  power  fuel  consumption. 

Power  Turbine  Flow  Area 


Power  turbine  flow  area  affects  the  temperature,  pressure  ratio,  and 
airflow  at  which  the  gas  generator  operates  at  a  given  fraction  of 
military  power.  For  the  fixed-stator  compressor  design  (discussed 
below),  the  effect  of  flow  area  on  part-load  specific  fuel  consumption 
was  investigated. 

Select  Configuration 


Several  types  and  numbers  of  axial  atagea  were  rated  relative  to  60 
percent  power  specific  fuel  consumption,  30  percent  power  specific 
fuel  consumption,  size  of  compressor  and  engine,  mechanical  complexity, 
development  status,  coat,  durability,  and  sulntalnablllty;  and  an  op¬ 
timum  compressor  was  selected  for  the  definition  of  a  preliminary  de¬ 
sign. 

Preliminary  Design  of  Selected  Configurations 

Two  preliminary  designs  were  produced,  a  fixed-stator  compressor  and 
a  variable-stator  compressor.  The  variable-stator  compressor  was  the 
selected  design  and  received  more  comprehensive  definition  than  the 
fixed-stator  design. 

The  fixed-stater  compressor  design  has  a  60  percent  power  pressure 
ratio  of  about  9:1.  The  compressor  arrangement,  the  flow  path, 
and  the  mechanical  and  vibratory  criteria  and  limits  were  defined 
and  investigated.  A  preliminary  design  layout  of  the  caopressor 
was  produced. 
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The  variable-stator  compressor  design  has  a  60-percent  power  pres¬ 
sure  ratio  of  about  14:1.  The  compressor  arrangement,  the  airflow 
path,  the  airfoil  shapes  and  solidity,  the  compressor  shafting 
arrangement,  the  variable  geometry,  and  the  mechanical  and  vibra¬ 
tory  design  criteria  and  limitations  were  defined.  A  preliminary 
design  layout  of  the  compressor  and  engine  was  produced. 

Compressor  Performance  Prediction 


Performance  was  predicted  for  two  compressors:  the  fixed-stator  compres¬ 
sor,  and  the  final  variable-stator  compressor  for  which  the  prediction  was 
more  comprehensive . 

The  fixed-stator  compressor  off-design  performance  was  predicted  for 
eight  speed  lines  using  stage-matching  procedures. 

The  variable-stator  compressor  off-design  performance  was  predicted 
for  nine  speed  lines  using  matching  procedures.  In  addition,  the 
mean- line  mapping  procedures  were  used  to  define  speed  lines  near  60 
percent  and  30  percent  of  military  rated  power  operating  conditions. 

At  points  near  these  operating  conditions,  and  at  the  military-rated 
condition,  details  of  the  internal  flow  were  defined,  and  velocity 
triangles  were  defined. 

Engine  Performance  Prediction 


Engine  performance  was  predicted  for  two  engines,  one  incorporating  the 
fixed-stator  compressor , and  the  other  the  variable-stator  compressor.  For 
both  engines,  performance  was  defined  over  a  range  from  20  to  100  percent 
power,  giving  values  over  this  range  for  the  following  parameters:  pres¬ 
sure  ratio,  compressor  efficiency,  turbine  inlet  temperature,  compressor 
turbine  efficiency,  power  turbine  efficiency,  and  specific  fuel  consump¬ 
tion. 
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DISCUSSION 


ENGINE  CYCLE  ANALYSIS 


The  gas  turbine  engine  cycle,  consisting  of  the  compression,  combustion, 
and  expansion  of  gases  with  firmly  established  thermodynamic  properties, 
is  readily  adaptable  to  investigation.  The  effects  of  the  performance 
characteristics  of  the  major  components  on  the  overall  performance  are 
predictable  with  a  high  degree  of  assurance.  With  this  knowledge,  it  was 
considered  reasonable  to  initiate  this  compressor  matching  study  with  an 
investigation  of  the  effects  of  the  principal  cycie  variables. 

Parametric  Cycle  Data 

Nonregenerative  turboshaft  cycle  output  performance,  in  terms  of  specific 
brake  horsepower,  BHP/Wa,  and  brake  specific  fuel  consumption  (BSFC)  was 
generated  using  a  high-speed  digital  computer  program.  The  cycle  vari¬ 
ables  investigated  and  the  range  of  variation  are  as  follows: 

Compressor  Pressure  Ratio:  3,  5,  10,  15,  20 

Compressor  Adiabatic  Efficiency:  70,  75,  80,  85,  90  percent 

Power  and  Compressor  Turbine  Adiabatic  Efficiency:  75,  80,  85,  90 

percent 

Turbine  Inlet  Temperature:  1900°,  2200° ,  2500°F 

Supplementary  data  were  computed  for  a  turbine  inlet  temperature  of 
2100°F,  for  a  turbine  efficiency  of  85  percent,  and  for  the  same  range 
of  compressor  pressure  ratios  and  efficiencies  given  above. 

Additional  Performance  Assumptions 


1.  Ambient  Conditions:  Sea  Level,  static,  standard  day 

2.  Inlet  Duct  Pressure  Recovery:  100  percent 

3.  Combustion  Efficiency:  99  percent 

4.  Lower  Heating  Value  of  Fuel:  18,400  Btu/lb 

5.  Combustor  Total  Pressure  Recovery:  96.5  percent 

6.  Mechanical  Efficiencies:  Compressor  Shaft  99  percent 

Output  Shaft  99  percent 

6.  Power  Extraction  (other  than  output):  None 

7.  Internal  Leakage  and  Bleed  Overboard:  None 
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8.  Turbine  Cooling  Air  Quantity:  Percent  Inlet  Turb,  inlet 


Air 

Temp . 

(Cool ing  air  was 

bled  at  com- 

1.0 

1900nF 

pressor  discharge  conditions, 

3.0 

2100  K 

was  returned  to 

first  turbine 

4.0 

2200'  l 

stator  and  mixed 

.  Effect  was 

7.0 

2500°F 

to  reduce  Turb.  Inlet  Temp 
from  values  listed.) 

9.  Exhaust  Total  Pressure:  1.03 

(From  power  turbine  exit  to  ambient) 

Performance  As s umption  Considerations 

A  conventional  practice  was  followed  by  using  a  certain  amount  of  op¬ 
timism  in  making  the  additional  performance  assumptions  stated  above. 
The  reasoning  behind  such  a  practice  considers  that  cycle  investiga¬ 
tion  results  are  target  performance  values  achievable  from  a  con¬ 
scientious  long-term  design  and  development  effort.  By  establishing 
this  high  level  for  the  performance  of  the  other  cycle  components,  a 
meaningful  delineation  for  the  component  under  study  will  be  obtained. 

Cycle  Analysis  Results 


The  turboshaft  engine  parametric  cycle  performance  results  are  pre¬ 
sented  in  Figures  1  through  13,  with  the  output  performance  of  spe¬ 
cific  power  and  specific  fuel  consumption  plotted  versus  compressor 
pressure  ratio  with  lines  of  compressor  adiabatic  efficiency.  This 
form  of  presentation  of  results  was  selected  to  provide  the  compressor 
designer  with  a  convenient  form  for  a  quick  assessment  of  the  trade¬ 
off  between  pressure  ratio  and  efficiency  on  engine  output  performance. 
An  important  association  made  at  this  initial  phase  of  the  study  was 
between  turbine  inlet  temperature  (TIT)  and  percent  of  military  rated 
power.  In  general, 

TIT  =  2500° F  100  percent  military  rated  power 

TIT  =  2200" F  60  percent  military  rated  power 

2100" F 

TIT  =  1900'JF  30  percent  military  rated  power 

This  association  is  evident  from  a  review  of  Figure  14.  In  this 
figure,  specific  fuel  consumption  and  specific  power  variations  with 
compressor  pressure  ratio  and  turbine  inlet  temperature  are  presented 
for  constant  compressor  and  turbine  adiabatic  efficiencies.  Consider 
a  representative  cycle  with  minimum  specific  fuel  consumption  at 
60  percent  power  at  a  P/P  =  12  and  TIT  =  2100°F.  The  specific  power 
of  180  is  already  74  percent  of  the  potential  military  value  at 
2500°F,  lessening  the  flow  variation  requirements  and  the  accompanying 
efficiency  and  pressure  ratio  variations  necessary  for  absolute  power 
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Figure  1.  Turboshaft  Engine  Parametric  Cycle  Data  for  1900°F  Turbine  Inlc 
Temperature  and  75%  Turbine  Adiabatic  Efficiency. 
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Figure  6.  Turboshaft  Engine  Parametric  Cycle  Data  for  2200°F  Turbine  Inlet 
Temperature  and  757.  Turbine  Adiabatic  Efficiency. 
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Brake  Specific  Horsepower  Brake  Specific  Fuel  Consumption 
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Figure  7.  Turboshaft  Engine  Parametric  Cycle  Data  for  2200° F  Turbine 
Inlet  Temperature  and  807.  Turbine  Adiabatic  Efficiency. 
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Brake  Specific  Horsepower,  Brake  Specific  Fuel  Consumption, 

SHP/Wa,  hp/Airflov  lb/sec  BSFC  Fuel  lh/hp/hr 
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Brake  Specific  Horsepower,  Brake  Specific  Fuel  Consumption 
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at  Turbine  and  80%  at  Compressor 


level  attainment.  Further  evidence  of  this  association  was  developed 
as  the  study  progressed. 

Compressor  Performance  Curves 

The  program  was  directed  toward  an  advanced  compressor  which  could  be  ex¬ 
pected,  with  a  high  level  of  confidence,  to  be  developed  in  a  three-year 
development  program.  Efficiency  is  a  major  determinant  of  compressor  per¬ 
formance,  most  clearly  reflecting  the  state  of  the  art.  A  survey  of  the 
literature  was  made  to  determine  the  efficiency  as  a  function  of  pressure 
ratio  for  the  following  compressor  types:  subsonic-transonic  axial  stages, 
supersonic  axial  stages,  and  centrifugal  stages.  Subsequently,  the  opti¬ 
mum-efficiency  distribution  of  work  between  stages  of  various  types  was 
investigated. 

Performance  data  for  subsonic  and  transonic  axial  stages  are  shown  in 
Figure  15,  as  a  plot  of  adiabatic  efficiency  versus  stage  total  pressure 
ratio.  The  efficiencies  shown  on  the  graph  are  for  large  machines:  the 
Jones  and  Oscarson  data  are  for  a  43- inch-diameter  machine  (Reference  1), 
the  Kovach-Sandercock  data  for  a  20- inch-diameter  machine  (Reference  2), 
and  the  Wright-Novak  data  for  a  48 -inch -machine  (Reference  3).  The 
literature  indicates  that  it  is  possible  to  obtain  good  efficiency  in 
smaller  size  compressors.  In  Reference  4,  Groh  and  Robb  report  rotor 
efficiency  above  90  percent  at  a  pressure  ratio  of  1.38  and  a  tip  diameter 
of  4.8  Inches. 

In  Reference  5,  Lieblein  and  Johnsen  gave  the  performance  of  the  NACA 
8-stage  compressor,  on  which  the  designs  of  several  other  compressors  have 
been  based.  Performance  data  reported  for  two  of  the  derivatives  are 


compared  with 

the  prototype 

as  follows. 

Flow 

lbs/sec 

Efficiency 

percent 

Pressure 

Ratio 

Authors 

Reference 

No. 

53 

87+ 

6.6 

Lieblein  and  Johnsen 

5 

43 

84 

6.6 

Knowles 

6 

14 

86 

6.6 

Mills  and  Pitt 

7 

The  last  compressor  of  the  three  is  the  smallest  in  flow  and  therefore  in 
size,  yet  its  efficiency,  static-to-total,  is  only  about  one  point  less 
than  the  efficiency,  total-to-total ,  of  the  original  compressor.  The 
attainable  efficiency  line  drawn  on  Figure  15  represents  an  average  of 
reported  data  for  efficient  large  compressors  and  a  reasonable  advance¬ 
ment  for  small  compressors. 

Performance  data  for  supersonic  axial  compressor  stages  are  shown  in 
Figure  16  as  a  plot  of  adiabatic  efficiency  versus  stage  total  pressure 
ratio.  Data  from  Cox  and  Muller,  in  Reference  8,  were  obtained  from  two 
supersonic  stages;  for  one  of  these,  the  2.8:1  stage,  work  was  still  in 
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Figure  15.  Attainable  Efficiency  for  Subsonic  and  Transonic  Axial  Compressor  Stages. 
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Figure  16.  Attainable  Efficiency  for  Supersonic  Axial  Compressor  Stages. 


progress  at  reporting  time.  The  attainable  efficiency  curve  is  raised 
above  reported  values  to  reflect  expectations  of  the  current  stator  re¬ 
search  program. 

Performance  data  for  centrifugal  compressor  stages  are  shown  in  Figure  17. 
Schwartz,  in  Reference  9,  reported  the  performance  of  a  number  of  centrif¬ 
ugal  compressors  for  automotive  applications.  The  static-to-total  pres¬ 
sure  ratio  performance  data  of  an  aircraft  reciprocating  engine  super¬ 
charger  were  taken  from  unpublished  Curtiss-Wright  data.  Welliver  and 
Acurio,  in  Reference  10,  reported  the  performance  of  a  6:1  workhorse 
compressor  and  a  10:1  RF-2  research  compressor,  both  based  on  exit  static- 
to-inlet  total  pressure  measurements.  Morris  and  Kenny,  in  Reference  11, 
reported  the  performance  of  a  6:1  G-rotor  stage  and  a  12:1  H-rotor  stage, 
both  based  on  total-to-total  pressure  measurements.  In  private  communi¬ 
cation  with  the  author,  Welliver  estimated  the  efficiency  difference 
between  values  based  on  exit  total  and  on  exit  static  to  be  two  points 
for  the  workhorse  and  RF-2  compressors.  The  curve  for  centrifugal  stage 
attainable  efficiency  conforms  to  the  best  reported  drfa  at  pressure 
ratios  near  6:1  and  anticipates  modest  increases  at  higher  and  lower 
pressure  ratios.  At  low  pressure  ratios,  the  increases  shorld  come  more 
easily  but  are  not  likely  to  be  sought  because  of  the  advantages  of  high 
pressure  ratio. 

The  task  definition  required  the  matching  of  a  centrifugal  compressor  with 
a  one-  or  two-stage  axial  compressor,  raising  a  question  of  the  proper 
distribution  of  work  between  stages  of  different  types.  The  following 
combinations  of  axial  stages  were  investigated  and  later  combined  with 
centrifugal  stages: 

a  supersonic  stage  alone 
a  supersonic  stage  plus  a  transonic  stage 
two  transonic  stages 
two  supersonic  stages 

The  stage  efficiency  characteristics  were  defined  by  the  attainable  effi¬ 
ciency  curves  given  in  Figures  15  through  17,  and  the  overall  performance 
data  were  obtained  using  a  small  FORTRAN  calculation  procedure  called 
Adder,  which  is  presented  in  Appendix  III. 

An  example  of  combining  two  stages  is  shown  graphically  in  Figure  18.  The 
curve  shows  the  attainable  efficiency  for  various  LP  compressors  composed 
of  a  supersonic  stage  plus  a  transonic  stage.  This  curve  illustrates  the 
principle  of  best  work  distribution  between  stages,  namely,  that  highest 
overall  efficiency  is  obtained  for  a  given  pressure  ratio  by  assigning  as 
much  work  as  possible  to  the  more  efficient  stage.  Each  of  the  short 
curves  represents  a  fixed  pressure  ratio  for  the  first  stage,  which  in 
this  case  is  a  supersonic  stage.  On  each  curve  the  second-stage  pressure 
ratio  is  varied,  causing  overall  pressure  ratio  to  vary.  Although  pres¬ 
sure  ratios  above  1.8  were  considered  elsewhere  in  the  study,  based  on 
Reference  12  data  acquired  subsequently,  the  maximum  stage  pressure  ratio 
considered  in  this  instance  was  1.6.  Examination  of  the  curve  shows  that 
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Supersonic  Stage  Followed  by  a  Transonic  Stage! 


an  envelope  line  can  be  drawn  through  the  right-hand  end?  of  the  curves  to 
define  maximum  attainable  efficiencies  for  this  particular  combination  of 
axial  stages.  This  LP  compressor  envelope  line  was  then  used  in  combina¬ 
tion  with  attainable  centrifugal  compressor  performance  to  define  overall 
compressor  performance. 

The  combination  of  an  axial  and  a  centrifugal  compressor  is  illustrated 
in  Figure  19,  for  a  supersonic  stage  plus  a  centrifugal  stage.  The  best 
distribution  of  work  between  axial  and  centrifugal  stages  is  again  repre¬ 
sented  by  an  envelope  line.  There,  the  line  at  constant  LP  pressure  ratio 
has  a  peaking  form,  which  is  due  to  the  peaking  form  of  the  centrifugal 
compressor  attainable  efficiency  curve.  The  data  show  that  as  overall 
pressure  ratio  increases,  it  is  desirable  to  allocate  enough  work  to  the 
axial  stage  to  keep  the  centrifugal  stage  working  near  its  efficiency 
peak. 

The  attainable  efficiencies  of  various  axial  compressors  combined  with 
centrifugal  stages  are  shown  in  Figure  20.  Each  of  these  lines  represents 
an  envelope  of  the  type  described  above.  These  efficiency  values  are 
obtainable  at  design  point  conditions,  based  on  optimum  matching  of  com¬ 
pressor  elements;  off-design  efficiencies  will  of  course  vary.  The 
highest  efficiency  at  pressure  ratios  below  20:1  is  obtained  from  the 
two-transonic  plus  centrifugal  combination  of  stages;  at  higher  pressure 
ratios  the  best  combination  substitutes  a  supersonic  stage  for  the  first 
transonic  stage.  The  efficiency  difference  between  these  two  combinations 
is  only  about  one  point  at  lower  pressure  ratios. 

The  performance  of  the  most  efficient  stage  combination,  namely,  two 
transonic  stages  plus  centrifugal,  was  used  to  Indicate  the  engine  per¬ 
formance  potential  by  plotting  the  data  on  the  parametric  cycle  data 
curves.  Figures  1  through  13.  An  exception  appears  in  Figure  1,  where 
data  for  all  of  the  stage  combinations  were  plotted  on  the  graph  for  fuel 
consumption.  At  75  percent  turbine  efficiency  and  low  cycle  temperature, 
minimum  fuel  consumption  occurs  near  a  pressure  ratio  of  12:1;  but  at 
85  percent,  which  was  used  subsequently  as  the  attainable  turbine  effi¬ 
ciency,  minimum  SFC  values  arc  reached  near  17:1  pressure  ratio  for 
2100°F  (60  percent  power)  and  near  16:1  pressure  ratio  for  1900°F  (307. 
power).  These  values  may  be  noted  as  tentative  goals  for  the  part-power 
operating  conditions. 

Optimum  Performance  and  Parametric  Match  Data 

An  attempt  to  approach  the  definition  of  compressor  performance  by  se¬ 
lecting  a  60  percent  power  design  point  is  illustrated  in  Figures  21  and 
22,  the  first  for  an  8:1  pressure  ratio  and  the  second  for  12:1.  Each 
graph  represents  an  abstract  compressor  map  wherein  only  cycle  parameters 
appear;  no  stall  line  or  speed  lines  are  shown.  There  are,  however, 
three  constant  turbine  inlet  temperature  lines  whose  relative  locations 
are  based  on  the  assumption  of  a  choked  turbine  stator.  For  Figure  21, 
the  design  point  is  assumed  to  be  2200°F,  8:1  pressure  ratio,  and  60 
percent  power. 
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Figure  20.  Attainable  Efficiency  for  Two  and  Three  Stage  Compressors,  Incorporating  an 
Axial  Compressor  Feeding  a  Centrifugal  Stage. 
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Figure  22.  Effect  of  Compressor  Off-Design  Efficiency  for  Compressor 
Design  Point  at  60%  Power  With  12:1  Pressure  Ratio. 


The  compressor  efficiency  points  are  located  on  the  temperature  lines  by 
use  of  the  cycle  parameters,  Figures  1  through  14,  to  define  flows  which 
will  produce  the  required  100  percent  power  or  30  percent  power  output,  as 
follows.  At  attainable  efficiency,  the  60  percent  power,  2200°F  point 
defines  base  point  values  for  pressure  ratio  and  specific  power.  A  given 
pressure  ratio  then  immediately  defines  the  percentage  of  pressure  ratio. 
With  turbine  inlet  temperature  and  pressure  ratio  known,  compressor  effi¬ 
ciency  determines  specific  power  which,  with  percentage  of  power,  then 
defines  percentage  of  flow.  From  such  data,  constant  compressor  effi¬ 
ciency  lines  are  plotted  on  a  graph  percentage  of  pressure  ratio  versus 
percentage  of  flow,  and  these  lines  intersect  a  temperature  line  like  one 
of  those  on  Figures  21  and  22.  These  intersections  locate  the  efficiency 
points  on  these  figures. 

The  specific  fuel  consumptions  which  correspond  to  compressor  efficiency 
points  in  Figures  21  and  22  are  listed  below. 

COMPARISON  OF  BSFC  FOR  VARIOUS  COMPRESSOR  EFFICIENCIES 
AT  THREE  POWER  LEVELS 


For  60  Percent  Power  at  8:1  Pressure  Ratio 


Compressor  Efficiency,  percent 

70 

75 

80 

83.8 

85 

100  Percent  Power  TIT  =  2500°F 

.46 

.44 

.42 

.415 

=  2200°F 

.49 

.445 

.42 

.41 

60  Percent  Power  TIT  =  2200°F 

.47 

30  Perdent  Power  TIT  =  2200° F 

.63 

.62 

.60 

.59 

=  1900°F 

.64 

.61 

.60 

.59 

For  60  Percent  Power 

at 

12:1  Pressure  Ratio 

Compressor  Efficiency,  percent 

70 

75 

80 

83 

85 

100  Percent  Power  TIT  =  2500°F 

.43 

.40 

.39 

.37 

=  2200° F 

- 

- 

.40 

- 

.39 

60  Percent  Power  TIT  =  2200°F 

- 

- 

- 

.42 

- 

30  Percent  Power  TIT  =  2200° F 

.55 

.53 

.52 

- 

.505 

=  1900°F 

.56 

.53 

.50 

- 

.48 

The  temperatures  and  power  ratings  which  should  be 

associated 

are  2200°F 

turbine  inlet  temperature  (TIT)  for 

60 

percent  of 

full 

rated 

power , 

2500° F 

for  100  percent,  and  1900°F  for  30  percent.  A  variation  of  temperature 
from  2200°F  greatly  reduces  the  excursion  of  compressor  performance  from 
60  percent  values,  without  penalty  in  specific  fuel  consumption. 


From  Figure  21,  it  may  be  noted  that  100  percent  power  pressure  ratios  as 
high  as  about  13  may  be  required  if  the  design  (60  percent  power)  pressure 
ratio  is  8  and,  from  Figure  22,  as  high  as  23  if  design  pressure  ratio  is 
12.  The  corresponding  increased  flow  values  are  155  percent  and  180  per¬ 
cent  of  60  percent  power  values.  In  moving  the  design  P/P  from  8  to  12, 
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much  more  severe  performance  demands  are  placed  on  the  compressor  for  the 
100  percent  power  point.  As  shown  in  the  tables  above,  the  reward  is  an 
improvement  in  SFC  of  about  10  or  12  percent  at  30  percent  and  60  percent 
power  and  about  7  percent  at  100  percent  power. 

It  is  shown  in  the  above  listing  that  if  a  13-  or  14-point  decrease  in 
compressor  efficiency  occurs  in  passing  from  60  percent  to  100  percent 
power  points,  the  SFC  values  will  be  nearly  equal  at  the  two  points.  At 
the  same  time,  such  an  efficiency  decrease  causes  a  loss  of  specific 
power  and  a  resulting  large  increase  in  required  flow  and  pressure  ratio 
at  100  percent  power  (Figures  21  and  22).  It  is  therefore  indicated  that 
attaining  full  power  may  be  a  more  sensitive  goal  than  attaining  accept¬ 
able  SFC  at  100  percent  power. 

The  preceding  study  has  shown  that  the  pressure  ratio  and  airflow  require¬ 
ments  for  100  percent  power  and  the  fuel  consumption  for  30  percent  power 
are  critically  dependent  on  changes  in  off-design  efficiency.  Heretofore 
in  the  study  no  information  has  been  provided  about  the  probable  magni¬ 
tudes  of  efficiency  changes.  This  subject  was  investigated  subsequently 
in  the  preliminary  design  phase  of  the  program.  Final  goals  for  30  per¬ 
cent  and  60  percent  power  operating  conditions  could  not  be  defined  with 
the  information  available  at  this  stage  of  the  program.  General  goals 
could  be  defined,  namely,  to  maintain  high  efficiency  while  seeking  for 
high  pressure  ratio.  The  tentative  goals  noted  at  the  end  of  the  pre¬ 
ceding  section  may  still  be  held  for  30  percent  and  60  percent  power. 

The  corresponding  pressure  ratios  should  be  16:1  and  17:1  respectively. 
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PRELIMINARY  DESIGN 


Component  Configuration 


The  investigation  of  compressor  configurations  encompassed  the  combination 
of  stages  of  various  types  with  respect  to  optimum  distribution  of  pressure 
ratio  between  LP  and  HP  compressor,  stage  matching  effects  of  various  com¬ 
pressor  combinations,  effects  of  two-spool  compressors  on  front  drive,  and 
effects  of  disc  stress  and  temperature  on  centrifugal  compressor  tip  speed. 
Pressure  ratio  distribution  effects  are  treated  above  in  a  section  entitled 
Compressor  Performance  Curves.  Stage-matching  of  various  compressor  types 
is  treated  below  in  a  section  entitled  Compressor  Characteristics.  The 
two-spool  front  drive  turboshaft  compressor  is  discussed  here  in  relation 
to  the  mechanical  complexities.  The  disc-stress  analyses  were  approached 
in  two  ways  at  different  points  in  the  program,  as  described  here.  A  fac¬ 
tor  in  the  disc  stress  approach  is  the  centrifugal  compressor  flow  path 
configuration,  which  is  discussed  here  in  both  mechanical  and  aerodynamic 
aspects . 


Two-Spool  Front  Drive  Turboshaft  Engine 

A  shafting  design  arrangement  for  a  two-spool  front  drive  compressor 
was  developed  around  compressor  flow  path  concepts  of  this  program  as 
shown  in  Figure  23.  The  shaft  system  consists  of  a  central  shaft  by 
which  a  power  turbine  drives  a  gearbox,  then  a  coaxial  second  shaft  by 
which  an  LP  turbine  drives  the  two-stage  axial  compressor  rotor,  and 
finally  a  third  coaxial  shaft  by  which  an  HP  turbine  drives  the  cen¬ 
trifugal  rotor.  Thus  the  centrifugal  compressor  disc  must  have  a  cen¬ 
tral  hole  large  enough  to  contain  at  least  two  shafts  and  the  running 
clearance  spaces.  In  the  design  shown,  a  bore  diameter  of  2  inches  was 
the  largest  hole  that  could  be  provided  concomitant  with  acceptable 
disc  stresses.  This  implies  limitations  on  the  sizes  of  the  interior 
shafts  and  on  the  critical  speeds  of  shafting.  The  system  of  three 
concentric  shafts  also  presents  complexities  in  the  bearing  and  lubri¬ 
cation  systems. 

Critical  speeds  of  the  shafting  shown  in  Figure  23  were  calculated 
with  the  following  results.  The  outer  shaft  critical  speed  was  high, 
above  the  engine  maximum  Operating  speed  of  about  50,000  RPM.  The  in¬ 
termediate  shaft  critical  speeds  were  calculated  to  be  in  the  range 
between  30,000  and  40,000  RPM,  and  therefore  in  the  ordinary  range  of 
engine  operation.  The  innermost  shaft  critical  speed  calculations 
showed  a  first  critical  speed  in  the  range  between  8000  and  11,000  RPM 
and  a  second  critical  speed  range  between  25,000  and  31,000  RPM.  Thus, 
both  of  the  inner  shafts  will  have  critical  speeds  in  the  engine  op¬ 
erating  regime. 

Critical  speeds  can  be  changed  by  supporting  the  shaft  at  appropriate 
locations  in  bearings  which  change  the  mode  of  vibration  of  the  shaft. 
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In  effect,  the  shafts  support  each  other  between  main  bearing  locations 
Because  all  of  the  shafts  have  critical  speeds  occurring  at  different 
RPM  and  two  have  criticals  in  the  operating  range,  a  task  of  great  com¬ 
plexity  and  considerable  uncertainty  arises  in  predicting  the  critical 
speeds  which  would  result  from  attempts  to  control  the  critical  speeds 
by  coupling  these  elastic  systems  together  through  such  sleeve  bearings 

The  lubrication  problem  is  complicated  by  the  need  to  place  snubber 
bearings  between  the  three  shafts.  Some  sealed  path  has  to  be  provided 
for  supplying  oil  to  the  intershaft  snubber  bearings,  and  then  a  flow 
path  and  a  motive  force  have  to  be  provided  to  carry  the  heated  oil 
from  the  bearing  to  the  sump .  The  motive  force  can  be  provided  by 
tapering  the  bore  of  a  hollow  shaft  so  that  an  axial  component  of  cen¬ 
trifugal  force  drives  the  oil  along  the  shaft.  However,  the  tapering 
of  shafts  is  restricted  because  of  the  small  size  of  the  shafting,  and 
the  motive  force  can  be  nullified  if  the  shaft  is  bowed  under  vibration 
and  is  unable  to  run  true.  Thus,  the  lack  of  space  for  seals  and  lines 
and  the  flexibility  of  the  structure  combine  to  create  critical  speed 
problems  and  to  make  solutions  difficult. 

Disc  Stress  and  Tip  Speeds  for  Centrifugal  Impellers 

The  pressure  ratio  attainable  in  a  centrifugal  compressor  is  directly 
related  to  the  attainable  tip  speed.  Near  the  beginning  of  the  study 
it  was  noted  that  supercharging  a  centrifugal  impeller  with  axial 
stages  would  raise  inlet  temperatures.  It  was  recognized  that  the  in¬ 
creased  air  temperature  would  reduce  the  corrected  tip  speed  of  an  im¬ 
peller  operated  at  constant  physical  speed,  and  it  was  suspected  that 
the  rise  in  metal  temperature  would  weaken  the  metal  and  reduce  the 
allowable  tip  speed. 

In  order  to  determine  maximum  allowable  impeller  speeds  for  the  con¬ 
figurations  in  this  study,  an  initial  investigation  was  made  of  the 
impeller  stresses  in  the  Boeing  RF2  as  reported  in  reference  10.  Maxi¬ 
mum  stress  values  with  variations  in  bore  diameter,  impeller  rotating 
speed, and  material  were  estimated.  Figure  24  shows  the  Boeing  impel¬ 
ler  form  in  comparison  with  the  proposed  impellers.  The  initial  study 
was  made  assuming  that  impellers  in  this  investigation  would  be  similar 
in  shape  to  the  RF-2  impeller.  Therefore,  stresses  ratioed  in  the  RF-2 
impeller  would  be  applicable  to  the  study  impeller.  Figures  25  and 
26  show  the  results  of  this  study  for  two  materials,  Inconel  718  and 
Titanium  Alloy  6A1-4V .  The  limiting  bore  stress  was  set  as  1.2  times 
the  0.2 -percent  yield  strength.  The  study  resulted  in  limiting  the 
rotor  speed  to  45,000  RPM  for  titanium  and  42,500  RPM  for  Inconel  718, 
both  with  a  bore  radius  of  about  0.6  inch.  Based  on  this  study,  an 
1850-ft/ sec  limit  was  placed  on  centrifugal  impeller  tip  speed. 
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Comparison  of  Boeing  RF-2  and  Proposed  Centrifugal  Impeller  Configurat 


Maximum  Impeller  Disc  Bore  Stress, 


Figure  25.  Centrifugal  Compressor  Disc  Stresses  Based  on  Scaling  Boeing 
RF-2  Stresses,  for  Inconel  718  Material. 
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Later  in  the  study,  an  internal  review  of  the  work  caused  these  criteria 
to  be  questioned.  It  was  then  judged  that  this  approach  was  conserva¬ 
tive,  for  two  reasons.  First,  the  impeller  shapes  finally  proposed  for 
this  investigation  were  markedly  different  from  the  Boeing  impeller,  a3 
shown  in  Figure  24.  The  new  configuration  had  more  disc  material  and 
less  dead  weight  in  blade  material.  Second,  bore  stress  was  rejected 
as  a  primary  criterion  for  design, because  hub  flare  can  usually  be 
changed  to  reduce  bore  stress.  A  different  set  of  criteria  was  re¬ 
quired  . 

It  has  been  established  that  the  average  tangential  stress  of  a  rotating 
disc  can  be  used  as  a  criterion  for  determining  the  burst  speed,  as 
shown  in  NACA  TN  1667.  Since  the  burst  speed  can  be  predicted  quite 
accurately,  it  is  common  practice  to  design  the  disc  or  impeller  to 
burst  at  some  speed  considerably  higher  than  maximum  operating  speed. 

For  this  study,  130  percent  of  design  speed  was  used  as  the  burst  speed. 
This  results  in  a  value  of  1.69  for  the  ratio  of  the  average  tangential 
stress  at  burst  to  the  average  tangential  stress  at  design.  Of  course, 
bore  stress  must  be  checked  and  should  not  exceed  120  percent  of  0.2 
percent  yield  stress. 

With  the  above  criteria,  a  preliminary  stress  analysis  was  made  of  the 
proposed  impeller  shown  in  Figure  24.  The  average  tangential  stress 
for  the  4.3  tip  radius  centrifugal  impeller  was  calculated  at  various 
speeds  and  with  bore  radii  of  0.5,  0.75, and  1.0  inches  using  Titanium 
Alloy  7A1-4M  and  Inconel  718  materials,  as  shown  in  Figures  27  and 
28. 

The  impeller  tangential  stress  is  somewhat  proportional  to  bore  diame¬ 
ter  and  speed.  As  the  temperature  increases,  the  allowable  design  stress 
is  lowered.  Therefore,  all  design  studies  incorporated  the  smallest 
bore  practical  which  still  allowed  space  for  the  required  internal 
shafting.  A  maximum  bore  radius  of  1  inch  was  judged  to  be  practical. 

As  shown  in  Figure  27,  the  design  speed  for  a  titanium  wheel  with  a 
2  inch  bore  is  62,000  RPM,which  results  in  a  limiting  design  tip  speed 
of  2330  ft/sec.  Titanium  Alloy  7A1-4M  was  chosen  over  Inconel  718  be¬ 
cause  of  its  higher  strength-to-weight  ratio,  giving  it  an  average 
operating  tangential  stress  well  below  the  design  stress  of  78,000 
psi . 

The  above  analysis  was  made  without  superimposing  the  effect  of  thermal 
stress.  This  is  justifiable,  because  the  thermal  gradients  tend  to 
lower  the  rim  stress  and  increase  the  bore  stress,  and  it  is  assumed 
that  the  disc  could  be  shaped  so  as  to  eliminate  any  effect  of  thermal 
stress  on  the  average  tangential  stress. 

The  compressor  designs  described  below  in  the  section  entitled  Prelimi¬ 
nary  Design  reflect  the  results  of  these  two  studies.  The  fixed  geome¬ 
try  compressor  has  a  centrifugal  impeller  tip  speed  of  1840  ft/sec,  re¬ 
flecting  results  of  the  first  study,  and  the  variable  stator  compressor 
has  a  tip  speed  of  2050  ft/sec,  based  on  the  second  stress  study. 
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Figure  27.  Centrifugal  Compressor  Disc  Average  Tangential  Stresses  in 
Proposed  Disc  Configuration  for  Titanium  7A1-4M  Material 
at  600°F. 
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Average  Tangential  Stress, 


RPM  x  1000 

Figure  28.  Centrifugal  Compressor  Disc  Average  Tangential 
Stresses  in  Proposed  Disc  Configuration  for 
Inconel  718  Material  at  600CF. 
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Centrifugal  Compressor  Flow  Path 


The  design  of  a  centrifugal  compressor  may  be  optimized  as  a  unit 
alone,  and  this  will  lead  to  the  highest  possible  efficiency  for  tin 
type.  The  form  that  results  may  be  associated  with  specific  speed, 
as  described  in  Reference  11.  The  shape  of  the  ideal  machine  is 
similar  to  the  Francis  impeller,  with  an  inducer  hub  to  tip  radius 
ratio  less  than  0.5  and  an  impeller  tip  to  inducer  tip  radius  ratio  of 
about  2.  Tills  ideal  form  of  the  centrifugal  compressor  can  be  scaled 
for  staging  with  axial  boost  stages,  but  there  arc  factors  that  mili¬ 
tate  against  simple  scaling,  namely,  the  connecting  duct  form  and  the 
disc  and  shafting  requirements. 

The  connecting  duct  from  the  axial  stage  outlet  to  the  centrifugal 
inlet  is  required  to  have  a  minimum  length  and  a  minimum  curvature. 

The  axial  compressor  hub  radius  quite  strongly  determines  LP  compres¬ 
sor  work  capability  because  it  determines  the  minimum  blade  speed  in 
the  compressor.  It  is  therefore  typical  of  high  stage  pressure  ratio 
axial  compressors  that  the  inlet  hub/tip  radius  ratio  is  greater  than 
0.5  and  that  the  hub  radius  has  a  rising  slope  through  the  compressor. 
Inasmuch  as  LP  compressor  pressure  ratios  approaching  3  are  being  con¬ 
sidered,  there  is  a  marked  reduction  in  annulus  area  and  in  annulus 
height  through  the  compressor,  producing  an  exit  hub/tip  radius  ratio 
very  likely  to  be  above  0.7.  Connecting  such  an  axial  stage  to  a 
centrifugal  of  0.5  hub/tip  radius  ratio  requires  carrying  the  flow 
through  an  inward  curve  to  a  smaller  diameter  and  through  another  curve 
to  lead  into  the  flow  path  of  the  centrifugal  inducer.  Increasing  duct 
length  reduces  duct  curvature.  Greater  duct  length  raises  interpassage 
pressure  losses  and  increases  flow  distortions;  but  increasing,  duct 
curvature  also  leads  to  flow  distortions  and  increased  pressure  losses. 
Only  if  the  radius  change  is  avoided  can  the  curvature  be  avoided  and 
the  length  shortened,  and  this  requires  having  a  centrifugal  inducer 
which  is  designed  to  receive  flow  directly  from  the  axial  compressor. 

The  disc  of  both  the  centrifugal  and  the  axial  compressors  must  be  de¬ 
signed  to  pass  a  drive-shaft  coaxially  forward  from  the  power  turbine. 
The  diameter  of  this  shaft  is  made  as  great  as  possible  to  control 
shaft  critical  vibrations,  yet  small  enough  to  pass  through  holes  in 
the  compressor  disc.  The  permissible  centrifugal  tip  speed  decreases 
as  supercharging  raises  the  temperature  and  reduces  metal  strength.  It 
also  decreases  as  the  central  hole  is  enlarged  to  accommodate  the 
drive-shaft.  In  opposition  to  these  effects,  raising  the  inducer  rim 
diameter  provides  load  carrying  metal  and  shortens  path  length.  The 
compressor  shaft  is  shortened  and  stiffened,  and  the  drive-shaft  is 
shortened.  Thus,  the  increase  of  centrifugal  inducer  radius  contrib¬ 
utes  to  raising  tip  speed  and  thus  work  capability,  and  helps  to  con¬ 
trol  shaft  critical  speeds. 
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There  remain  problems  of  the  nonoptimum  centrifugal  compressor  aero 
dynamic  form.  The  essential  change  in  the  compressor  problem  is  that 
the  inducer  now  has  a  narrower  radial  dimenpion  and  a  higher  inlet 
Mach  number,  with  a  smaller  radius  ratio  for  radial  flow.  Though  the 
problems  are  serious,  the  designer  has  recourse  to  axial  compressor 
research  for  handling  the  high  Mach  numbers.  He  can  raise  the  number 
of  blades  where  necessary  to  Ueep  blade  loadings  in  the  same  propor¬ 
tion  as  in  the  optimum  machine,  and  he  will  escape  some  problems  of 
the  compressor  with  long  radial  passage  length,  namely,  that  separa¬ 
tion  in  radial  flow  passages  should  be  more  easily  avoided,  and  that 
shroud/vane  clearances  should  give  less  difficulty.  It  is  judged  that 
this  type  of  centrifugal  compressor  is  most  appropriate  for  an  axial- 
centrifugal  machine;  therefore,  it  has  been  selected  for  the  designs 
of  this  program. 

Compressor  Characteristics 


The  essential  program  goal  is  to  identify  and  describe  a  compressor  design 
that  will  yield  the  best  engine  performance  attainable  at  60  percent 
power,  within  the  limits  of  a  three-year  development  program.  Performance 
at  30  percent  power  is  also  important,  but  100  percent  power  performance 
can  be  sacrificed  for  the  sake  of  improving  60  percent  power  performance. 
Cycle  performance  data  show  that  high  pressure  ratio,  high  efficiency,  and 
high  turbine  inlet  temperature  all  favor  these  goals. 

Maximum  efficiency  for  a  compressor  at  the  60  percent  power  point  is 
theoretically  obtainable  through  design  optimization.  That  is,  every 
blade  row  is  correctly  designed  for  the  60  percent  power  point.  The 
number  of  stages  is  minimum.  The  inlet  Mach  number  levels,  on  the  av¬ 
erage,  yield  high  stage  work,  yet  good  lift/drag  ratios.  Each  blade  is 
set  at  exactly  the  correct  Incidence  angle  for  minimum  loss,  each  blade 
is  shaped  exactly  for  the  work  to  be  done,  and  the  number  of  blades  in 
each  row  is  the  best  for  maximum  efficiency.  In  theory,  this  will  give 
the  optimum  efficiency  for  the  60  percent  power  point;  correct  stage 
types,  number  of  stages,  and  blade  speeds  will  provide  the  desired  pres¬ 
sure  ratio  at  the  60  percent  power  design  point. 

As  a  compressor  operating  point  is  moved  away  from  the  design  point,  its 
efficiency  tends  to  change.  As  the  operating  condition  moves  to  lower 
speeds  and  lower  Mach  number,  both  the  loss  coefficients  and  the  sensi¬ 
tivity  to  incidence  effects  decrease  at  the  same  time  that  incidences 
(absolute  values)  increase,  and  efficiency  may  hold  level  or  even  rise. 
Going  to  higher  speeds  increases  all  these  effects  together  and  effi¬ 
ciency  decreases.  The  effects  of  losses  with  the  changes  of  work  deter¬ 
mine  changes  of  flow  and  pressure  ratio  as  well  as  efficiency,  and  all  go 
together  to  define  the  compressor  performance  map  and  hence  Ihe  cycle 
performance. 

A  question  that  must  be  asked,  then,  is  whether  an  optimum  60-percent 
power  design  point  can  in  fact  be  used  in  an  engine  at  60  percent  power. 
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It  i s  necessary  to  determine  the  compressor  off-design  performance  and  to 
investigate  cycle  performance,  so  as  to  identify  the  speed  of  the  60  per¬ 
cent  power  point  and  to  determine  whether  operations  at  30  percent  and 
100  percent  power  will  allow  us  to  take  advantage  of  an  optimum  60  per 
cent  power  performance. 

The  compressor  performance  maps  were  defined  both  Ly  a  mean-line  mapping 
procedure  and  by  stage  matching  procedures.  The  compressor  stage  matching 
procedures  are  described  in  detail  in  Appendix  I.  The  maps  were  then 
matched  to  engines  in  a  manner  which  provided  minimum  brake  specific  fuel 
consumption  at  60  percent  and  30  percent  power.  The  procedures  for  pre¬ 
liminary  engine  matching  are  described  in  Appendix  II.  As  a  result  of 
the  compressor  and  engine  matching  work,  clear  trends  were  developed  about 
the  best  compressor  matching  relations  for  minimum  part-power  fuel  con¬ 
sumption.  To  verify  these  trends  and  to  review  the  underlying  principles, 
a  study  was  made  of  the  optinum  location  on  the  compressor  map  of  the 
compressor  peak  efficiency  point. 

Compressor  Mean-Line  Mapping  Program 


An  approach  to  the  design  of  a  compressor  at  the  60  percent  power 
point  was  made  using  the  Curtiss -Wright  mean- line  mapping  program. 

Each  of  three  designs  incorporated  a  supersonic  axial  stage,  a  tran¬ 
sonic  axial  stage,  and  a  centrifugal  stage.  This  family  of  com¬ 
pressors  shared  equal  values  of  the  ratio  of  temperature  rise  to  the 
square  of  tip  speed  and  equal  values  of  the  ratios  of  axial  velocity 
to  blade  speed.  The  first  of  the  series  was  designed  for  perfect 
matching  at  a  1700-ft/sec  centrifugal  tip  speed,  and  it  had  a  pressure 
ratio  above  17  as  .  wn  in.  Figure  29.  The  second  was  designed  for 
1530  ft/sec  tip  speed,  and  the  third  for  1360  ft/sec.  Performance 
maps  for  these  designs  are  shown  in  Figures  30  and  31.  Each  of  these 
designs  was  to  be  a  compressor  capable  of  operating  to  a  maximum  tip 
speed  of  1700  ft/sec.  The  operating  point  for  60  percent  power  was 
expected  to  lie  at  some  tip  speed  between  80  percent  and  100  percent 
of  1700  ft/sec;  it  was  expected  that  a  60  percent  power  point  speed 
and  a  design  point  speed  could  coincide,  though  not  necessarily  at 
one  of  the  selected  speeds;  and  it  was  expected  that  the  three-point 
curve  developed  from  the  study  would  define  the  design  speed  at  which 
60  percent  power  would  be  obtained.  None  of  these  expectations  was 
found  to  be  valid. 

The  performance  maps  in  Figures  29  to  31  show  some  results  of  the 
engine  cycle  matching  procedure.  These  appear  as  points  indicating 
engine  operation  conditions  for  100  percent  power,  60  percent  power, 
and  30  percent  power.  The  temperature  of  2500°F  was  established  as 
a  limiting  temperature  for  100  percent  power.  The  temperatures  of 
1900°F  for  30  percent  power  and  2200° F  for  60  percent  power  are 
estimated  values  for  these  power  ratings,  the  actual  values  being 
influenced  by  power  turbine  area.  Subsequently  in  the  program  it 
was  proved  that  the  use  of  these  temperatures  gave  adequate 
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Compressor  Pressure  Ratio  Blade  Row  Incidence  Angle, Degree 


Figure  30.  Compressor /Engine  Matching  Map  Mean-Line 
Mapping  Case  2A ,  U  =  1530  ft/sec. 
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Efficency,  Percent 


Compressor  Airflow,  Percent 


Figure  31.  Compressor /Engine  Matching  Map  Mean-Line  Mapping 
Case  3A ,  =  1360  ft /sec. 
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TABLE  I.  SUMMARY  OF  PRELIMINARY  CYCLE  PERFORMANCE 
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indications  of  engine  performance.  The  engine  matches  represent 
minimum  attainable  specific  fuel  consumption  for  60  percent  and  30 
percent  power,  as  described  in  Appendix  II. 

Other  results  are  summarized  in  Table  I.  The  design  speeds  and  speeds 
at  various  power  fractions  are  compared  below. 

Case 

DIB  D2A  D3A 


U 

t 

Percent 

U 

t 

Percent 

Ut 

Percent 

Des ign 

1700 

100 

1530 

100 

1360 

100 

100  Percent 

Power 

1675 

98.5 

1565 

102 

1535 

113 

60  Percent 

Power 

1460 

86 

1360 

89 

1270 

93.5 

30  Percent 

Power 

1275 

75 

1156 

75.5 

1045 

77 

In  no  case  is  it  optimum  to  operate  the  engine  at  60  percent  power 
at  the  intended  design  point.  The  design  point  is  most  nearly  at¬ 
tained  for  case  D3A.  But  this  case  also  missed  most  widely  the  goal 
of  operating  the  compressor  at  1700  ft/sec  for  100  percent  power.  The 
cycle  performance  results  are  summarized  below. 

Case 


DIB 

D2A 

D3A 

60  Percent 

Power,  2200  F  TIT 

SFC 

.465 

.49 

.  515 

SHP/Wa 

190 

187 

184 

P/P 

9.6 

7.7 

6.4 

Compressor 

efficiency 

79 

80.6 

83 

30  Percent 

Power,  1900  F  TIT 

SFC 

.56 

.61 

.64 

Design  l' 

for  centrifugal,  ft/sec 

1700 

1530 

1360 

The  best  cycle 

performance  for  60  percent  power, 

and  for  the  other 

powers,  occurs 

for  case  DIB,  because  it 

has  the  highest 

pressure  rat 

The  pressure  ratio  limitation  of  the  other  cases 

is  not 

structural . 

It  is,  simply, 

that  they  are  matched  so 

that  at 

all  the 

higher  tip 

speeds  too  much  energy  is  wasted  in  compressor  losses,  resulting  in 
reduced  efficiency,  reduced  pressure  ratio,  and  reduced  power  output 
for  the  cycle.  Efficiency  at  the  60  percent  power  point  is  indeed 
better  for  cases  D2A  and  D3A,  but  this  advantage  is  overbalanced  by 
the  pressure  ratio  limitation.  Evidently  it  has  not  been  satisfactory 
to  approach  the  design  simply  as  a  design  for  the  60  percent  power 
point . 

Stage  Matching 


The  use  of  real  compressor  data  allows  an  examination  of  matching 
effects  that  goes  beyond  the  mean  line  mapping  program  investigations. 
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The  mapping  program  thus  far  has  used  a  three-stage  compressor  per¬ 
fectly  matched  for  a  single  point.  A  question  can  be  raised  as  to  the 
possible  benefits  of  compromising  the  matching  to  some  extent  so  that 
the  machine  has  a  larger  region  where  it  is  relatively  well  matched, 
at  some  sacrifice  of  performance  at  the  formerly  best-matched  point. 

The  map  of  a  developed  one-stage  or  two-stage  compressor  may  be  as¬ 
sumed  to  represent  a  good  state  of  matching  of  its  components.  In 
general,  if  matching  is  a  strong  factor  in  compressor  performance, 
the  compressor  map  will  show  an  island  of  maximum  efficiency  in  the 
important  range  of  operation.  If  such  an  island  does  not  appear  in 
a  well  developed  machine,  then  effects  such  as  Mach  number  are  over¬ 
riding.  In  such  cases,  lines  of  maximum  efficiency  are  defined.  An 
island  is  least  likely  to  appear  in  low-pressure-ratio  machines  and 
in  machines  with  few  blade  rows.  When  elements  are  combined  to  make 
a  multistage  machine  with  a  high-pressure-ratio,  matching  effects  be¬ 
come  more  important,  and  these  effects  have  been  investigated  in  this 
program  by  combining  stage  performances  to  determine  overall  perform¬ 
ance. 

The  efficiency  islands  on  a  stage  map  may  center  about  a  point  where 
the  stage  is  best  matched,  and  from  the  viewpoint  of  the  matching 
investigation  one  may  superimpose  the  maps  of  two  compressors  in  vari¬ 
ous  ways.  Perfect  matching  at  a  point  results  from  superimposing  the 
centers  of  ef ficiency  islands ,  or  the  lines  of  maximum  efficiency  for 
two  machines.  Any  other  matching  implies  compromises  in  maximum  effi¬ 
ciency  which  both  broaden  the  range  where  efficiency  is  high  and 
decrease  the  value  of  maximum  efficiency.  The  investigations  here 
have  focused  attention  on  the  intersections  of  stall  lines,  and  have  been 
restricted  by  consideration  if  tip-speed  limits.  Nevertheless,  the 
matching  of  efficiency  contours,  as  well  as  of  pressure  ratio  capabil¬ 
ities,  is  implicit  in  every  matching  case;  and  the  efficiency  matches 
are  primary  factors  in  the  resulting  compressor  and  engine  performance. 

The  matching  procedure  used  data  from  five  experimental  compressors 
and  o.\e  hypothetical  compressor  for  which  estimated  performance  is 
used,  a^  follows: 
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Type 

Model 

Max.  P/P 

Note 

Axial 

2.8  SS 

2.8* 

Reference  8 

(S) 

Transonic 

3.3* 

Reference  12 

(TT) 

2.8  SS  +  Trans 

3.7  & 

Trans,  is  estimated  perf. 

(ST) 

4.4 

single  stage 

Centrifugal 

405 

3.5** 

Curt iss-Wright  centrifugal 

PW-G 

6.3 

with  vaneless  space 

Reference  11 

RF-2 

12* 

Reference  10 

The  efficiency  values  for  the 

compressors 

were  incremented  by  a  con- 

stant  value 

for  each  speed  line,  as  follows: 

Compressor: 

2.8  Supersonic  Build  12 

Speed,  1 

101  100  98 

95  90 

85  80  70  60  50 

Effy.  Change 

6  6  6 

6  5 

4  3  3  3  3 

Compressor: 

2  Stage  Transonic 

:  (I’SAAVLABS) 

Speed,  % 

105  100  95 

90  80 

70  60  50 

Effy.  Change 

2.5  2.5  2.5 

2.5  2.5 

2.5  2.5  2.5 

Compressor: 
Speed,  % 

Boeing  RF-2 

102  100  96.4 

86.8  77.2 

67.4 

Effy.  Change 

6  6  6 

6  6 

6 

Compressor : 
Speed,  % 

405  Centrifugal 
100  94.6  89.6 

84.  3  73.8 

63.1  52.6 

Ef fy .  Change 

-3.0  -3.5  -4.0 

-4.5  -5.0 

-5.5  -6.0 

The  efficiency  change  was  converted  to  pressure  ratio  change  by  hold¬ 
ing  actual  enthalpy  rise  constant  while  changing  the  ideal  (pressure- 
ratio)  enthalpy  rise.  A  change  of  losses  is  thus  implied.  The 
calculation  procedure  is  given  in  Appendix  III  in  a  FORTRAN  procedure 
called  FIXER. 

Two  other  stages  were  used  without  correcting  efficiencies,  the  PW-G 
rotor  centrifugal  stage  and  a  single  transonic  stage.  The  centrifugal 
stage  performance  was  close  to  the  attainable  levels  as  given.  The 
transonic  stage  was  a  theoretical  stage  with  predicted  performance  at 

*  Efficiency  and  pressure  ratio  raised  commensurately ,  to  agree 
with  attainable  values. 

**  Efficiency  and  pressure  ratio  lowered  commensurate  1 y ,  to  account 
for  added  diffuser  losses. 
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attainable  levels.  The  405  centrifugal  stage  had  its  efficiency  de¬ 
creased  to  allow  additional  losses  for  a  diffuser,  for  which  test  dal 
were  not  available. 

The  modified  compressor  performance  characteristics  are  given  in  fig¬ 
ures  32  through  37. 

Matching  of  the  compressors  is  presented  in  two  formats,  one  showing 
the  LP/HP  compressor  matching  and  the  other  showing  the  compressor/ 
engine  matching.  For  selected  cases,  the  LP/HP  compressor  matching 
curves  are  given  in  Figures  38  through  47.  These  curves  present  the 
interface  (LP  exit,  HP  inlet)  corrected  speed  and  flow  range  rela¬ 
tions  between  the  two  compressors  being  matched.  The  compressor/ 
engine  matching  curves  for  selected  cases  are  given  in  Figures  48 
through  59.  These  curves  present  the  compressor  performance  maps 
with  the  engine  operating  points  for  30  percent,  60  percent,  and 
100  percent  power  from  which  part-power  minimum  specific  fuel  con¬ 
sumption  is  obtained. 

The  staging  or  matching  of  two  existing  compressors  generally  involve 
scaling  at  least  one  of  the  machines.  True  scaling  permits,  in  gen¬ 
eral,  only  one  practical  match  point  on  the  HP  map  for  a  selected  LP 
operating  point,  and  this  match  may  be  far  from  a  desirable  one.  In 
true  scaling,  dynamic  and  geometric  similarity  with  the  prototype  arc 
preserved  in  the  scaled  machine.  In  that  case,  hub-corrected  blade 
speeds  for  axials  and  tip-corrected  blade  speeds  for  centrifugals  art 
the  same  in  prototypes  and  derivatives  at  equivalent  performance  con¬ 
ditions.  In  the  present  matching  studies,  "free':  scaling  has  been 
done,  preserving  these  corrected  blade  speeds  and  ignoring  other  re¬ 
quirements  for  true  scaling.  This  approach  is  justified  in  that 
work  capability  was  provided,  leaving  design  changes  and  develop¬ 
ment  refinements  to  subsequent  effort.  Scaling  factors  are  treated 
in  more  detail  in  Appendix  I. 

The  type  of  matching  synthesis  performed  involves  combining  the  per¬ 
formance  maps  of  two  machines  or  stages  to  define  the  performance  of 
the  combination.  For  two  stages  to  be  matched,  mass  flow  continuity 
must  be  satisfied  and  the  shafts  must  rotate,  if  it  is  a  one-spool 
machine,  at  the  same  speed.  Continuity  requires  that  the  exit  cor¬ 
rected  mass  flow  of  the  first  compressor  shall  equal  the  sum  of  the 
second  compressor  inlet  corrected  mass  flow  plus  the  bleed  flow.  The 
constant  shaft  speed  requires  that  the  exit-corrected  shaft  speed  for 
the  first  compressor  shall  equal  the  inlet-corrected  shaft  speed  of 
the  second  compressor.  Corrected  flow  is  W^§78  and  corrected  speed 

is  N/y§. 

For  discussion,  consider  Figure  38,  a  fixed-stator,  single-spool 
match  of  the  supersonic  stage  with  the  PW-G  centrifugal  stage,  case 
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Total  Pressure  Ratio,  P-^P2  Adiabatic  Efficiency 

to  ...  Percent 


Figure  32.  Compressor  Test  Performance,  Modified,  2.8  Supersonic 
Compressor  (FI) . 
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Total  Pressure  Ratio,  P^/p^  Adiabatic  Efficiency 

4  Percent 


Total  Pressure  Ratio,  ^2^2  Adiabatic  Efficiency, 

Percent 


f 


Figure  34.  Compressor  Base  Performance,  2.8  Supersonic  (FI)  PIjs 
Hypothetical  Transonic  Stage. 
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Figure  35.  Compressor  Test  Performance,  Modified, 405  Centrifugal 
Compressor  (FI). 
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Total  Pressure  Ratio,  P_/P„  Adiabatic  Efficiency,  Percent 


O  105.27.  ND/V@^ 
J  98.7  7. 

O  92.1  7. 


A  78.9  7. 


Figure  36.  Compressor  Test  Performance,  FV-G  Centrifugal  Compressor 


Inlet  Corrected  Airflow, 

Figure  37.  Compressor  Test  Performance, 
Centrifugal  Compressor  (Fl) . 


o  1027.  ND ViT^ 
□  100  7.  | 

0  96.4  7.  ' 

A  86.8  7. 
d  77.2  7. 

fl  67.4  % 


(2 /  o  2 ,  lb/sec 

odified ,  Boeing  RF-2 


Interface  Corrected  Airflow,  Wn/0/8,  lb/sec 


Figure  38.  LP/HP  Compressor  Aerodynamic  Match,  Supersonic  Axial  Plus 
PW-G  Centrifugal,  Case  2,2. 
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Interface  Corrected  Speed,  N/>/0^ 


Figure  39.  LP/HP  Compressor  Aerodynamic  Match,  Supersonic  Axial  Plus 
PW-G  Centrifugal,  Case  2,  3. 
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Corrected  Speed,  RPM 


Inlet  Corrected  Airflow,  W>T57  8,  lb/sec 


Figure  40.  LP/HP  Compressor  Aerodynamic  Match,  Supersonic  Axial  Plus 
PW-G  Centrifugal,  Two  Spools,  Case  3. 
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Interface  Corrected  Speed,  N/ v  0  ,  rpm 


Figure  42.  LP/HP  Compressor  Aerodynamic  Match, Two-Stage  Transonic  Axial 
Plus  PW-G  Centrifugal,  Variable  Stators,  Case  4,  1-VS. 
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Figure  44.  LP/HP  Compressor  Aerodynamic  Match,  Two-Stage  Transonic  Axial 
Plus  PW-G  Centrifugal,  Variable  Stators,  Case  4,4-VS. 


! 

I 


W<ra  'Bf  I N  'paads  pa^oaxxoo  aoajja^ni 


70 


Figure  45.  LP/HP  Compressor  Aerodynamic  March,  Supersonic  Plus  Transonic  Axial 
Plus  405  Centrifugal,  Case  7,  2. 
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Figure  47.  LP/HP  Compressor  Aerodynamic  Match,  Supersonic  Plus 
Transonic  Axial  Plus  PW-G  Centrifugal,  Case  13,  3. 
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Total  Pressure  Ratio  Adiabatic  Efficiency,  Percent 


Figure  48.  Compressor/Engine  Matching  Map,  Supersonic  Axial  Plus  PV-C 
Centrifugal,  Case  2,2. 
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Total  Pressure  P.atlo  Adiabatic  Efficiency,  Percent 


Inlet  Corrected  Airflow,  W  Jfj^l  §  lb/sec 

Figure  49.  Compressor/Engine  Matching  Map,  Supersonic  Axial  Plus  PW-G 
Centrifugal,  Case  2,3. 
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Total  Pressure  Ratio  Adiabatic  Efficiency,  Percent 


Figure  50,  Compressor/Engine  Matching  Map,  Supersonic  Axial  Plus  PW-G 
Centrifugal,  Two-Spool,  Case  3. 
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Total  Pressure  Ratio  Adiabatic  Efficiency,  Percent 


Inlet  Corrected  Airflow,  W  8  2»  lb/sec 


Figure  51.  Compressor/Engine  Matching  Map, Two-Stage  Transonic  Axial  Plus 
PW-G  Centrifugal,  Case  4,1. 
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Inlet  Corrected  Airflow,  W  J§^/  8  2»  lb/*«c 


Figure  52.  Compressor /Engine  Matching  Map,  Two-Stage  Transonic  Axial  Plus 
PW-G  Centrifugal,  Case  4,  1-AAA. 
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Overall  Pressure  Ratio  Overall  Efficiency,  Percent 


Figure  54,  Compressor/Engine  Matching  Map,  Two-Stage  Transonic  Axial 
Plus  PW-G  Centrifugal,  Case  4,3. 


79 
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Inlet  Corrected  Airflow,  W  J§^/  8  2»  lb/sec 

Figure  56.  Compressor /Engine  Matching  Map,  Supersonic  and  Transonic 
Axial  Plus  405  Centrifugal,  Case  7,2. 
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Figure  57.  Compressor/Engine  Matching  Map,  Two-Stage  Transonic  Plus 
PW-G  Centrifugal,  Two-Spools,  Case  11,1. 


Figure  58.  Compressor/Engine  Matching  Map, RF-2  Centrifugal,  Case  12 


Total  Pressure  Ratio  Adiabatic  Efficiency 


/ 


Inlet  Corrected  Airflow,  W  J§^ 7  8  2»  lb/sec 


Figure  59.  Compressor/Engine  Matching  Map, Supersonic  and 
Transonic  Axial  Plus  FW-G  Centrifugal, 

Case  13,3. 
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2,2.  The  abscissa  represents  the  corrected  flow  leaving  the  LP  and 
entering  the  HP  compressor.  The  values  that  apply  to  the  Interstage 
situation  also  apply  to  the  stages  when  operated  separately  as  in 
component  tests.  The  ordinace  represents  the  corrected  shaft  speed 
at  the  inters^  ge  location,  and  it  also  relates  to  the  performance  of 
the  stages  operated  singly.  Any  point  on  the  graph  establishes  an 
operating  condition  for  the  individual  LP  and  HP  stages  and  therefore 
implies  the  performance  for  the  overall  machine.  Important  features 
of  the  graph  are  the  following: 

LP  speed  lines,  representing  constant  values  of  inlet  speed. 

These  lines  will  represent  the  inlet  corrected  speed  for  the 
matched  combination. 

LP  stall  line,  representing  the  lew-flow  limit  of  stable 
operation  for  the  LP  compressor. 

HP  speed  lines,  representing  values  of  inlet  corrected  speed. 

HP  stall  line,  representing  the  low-flow  limit  of  stable 
operation  for  the  HP  compressor. 

HP  choke  line,  representing  the  high-flow  limit  for  the 
HP  compressor. 

It  is  typical  of  a  fixed  geometry  compressor  that  the  LP  and  HP  stall 
lines  intersect.  Above  the  intersection  point,  the  LP  stall  line  lies 
to  the  left  of  the  HP  stall  line;  below  the  Intersection  point,  the  LP 
stall  line  lies  to  the  right  of  the  HP  stall  line,  and  lower  yet,  it 
lies  to  the  right  of  the  HP  choke  line. 

Flow  range  is  limited  by  choke  and  stall.  HP  choke  determines  the 
high-flow  limit  on  the  match  graph;  LP  exit  flow  is  not  limited  be¬ 
cause  the  increase  in  flow  volume  (corrected  flow)  depends  only  on 
reduction  of  its  outlet  pressure.  In  this  study,  HP  stall  has  been 
taken  to  be  the  low-flow  limit.  Therefore  the  possible  compressor 
operating  range  lies  between  choke  and  stall  on  the  HP  and  presents 
the  HP  with  no  operating  problems.  The  LP  is  required  to  accommodate 
the  HP.  At  high  speed,  above  the  stall-line  intersection  point,  the 
LP  is  not  subject  to  stall.  The  entire  compressor  surges  with  stall 
of  the  HP  before  the  LP  reaches  a  stalling  condition.  By  the  same 
phenomenon,  however,  the  LP  at  these  speeds  is  prevented  from  approach¬ 
ing  the  pressure  ratio  and  efficiencies  that  it  may  have  been  able  to 
produce  near  the  stall  line  as  a  component  alone.  Below  the  stall¬ 
line  intersection,  stall  comes  first  to  the  LP  compressor,  and  the 
location  of  the  LP  stall  line  has  been  drawn  on  fixed-stator  compressor 
maps.  At  the  same  time, it  has  been  assumed  that  the  stability  of  the 
HP  overcomes  the  instability  of  the  LP.  Though  information  is  not 
presented  to  support  this  assumption  quantitatively,  it  is  known  that 
LP  stages  of  similar  axial— centrifugal  compressors  do  operate 
in  rotating  stall  at  the  lower  speeds.  In  the  13-stage  axial  com¬ 
pressor  of  the  J65  engine,  rotating  stall  in  the  front  stages  occurs 
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from  low  speeds  to  as  high  as  75  percent  of  design  speed.  Figure  60 
show.,  a  performance  map  for  a  five-stage  axial  compressor.  The  maxi¬ 
mum  pressure  rise  for  each  stage  is  located  by  a  line  on  the  map  and 
above  the  line  the  stage  is  operating  in  stall.  Initially  in  the 
present  study  it  was  assumed  that  any  degree  of  LI’  stall  could  be  tol¬ 
erated  outside  of  the  60  -  100  percent  power-operating  range.  The 
fixed-stator  compressor  design  was  based  on  this  assumption.  Later  it 
was  assumed  that  stall  should  be  avoided  in  the  range  down  to  30  per¬ 
cent  power.  The  variable  stator  design  was  based  on  this  assumption. 

The  LP/HP  compressor  matching  curves  imply  relationships  between  all 
of  the  compressor  operating  parameters,  including  efficiency.  The 
range  of  the  component  compressors  can  be  important  in  defining  the 
range  of  the  ovetall  compressor.  As  an  aid  in  evaluating  the  effi¬ 
ciency  range  of  compressors,  Figures  61  through  65  show  speed  lines, 
stall  lines,  choke  lines,  and  constant  efficiency  lines  for  the  exper¬ 
imental  (but  efficiency-modified)  compressors  that  were  matched  to¬ 
gether.  Flows  and  speeds  have  been  normalized  to  values  near  maximum 
efficiency. 

The  discussion  to  this  point  has  dealt  with  a  basic  matching  problem, 
the  fixed  stator  compressor.  The  use  of  scaling  to  vary  the  matching 
relations  of  fixed  geometry  stages  is  not,  however,  the  end  of  our 
matching  resources.  At  a  cost  in  mechanical  complexity,  bleed  and/or 
variable  geometry  are  available  to  alleviate  matching  problems  that 
arise  in  fixed  geometry  machines.  It  is  of  interest  to  relate  these 
resources  to  the  compressor  match  diagram,  e.g.,  Figure  38,  discussing 
bleed,  two-spooling,  and  variable  stators  in  turn. 

Bleed  is  a  device  for  temporarily  reducing  the  size  of  the  LP  compres¬ 
sor.  In  the  region  below  the  intersection  of  stall  lines,  the  LP  com¬ 
pressor  tends  to  run  in  stall  because  all  of  its  flow  cannot  be  ac¬ 
commodated  by  the  HP.  The  bleed  flow  is  subtracted  at  the  interface 
and  the  LP  speed  line  is  moved  to  the  left  on  Figure  38.  This  can 
result  in  an  increase  in  LP  pressure  ratio  and  a  decrease  in  tempera¬ 
ture  rise  with  an  increase  in  HP  corrected  speed  and  an  increase  in 
HP  pressure  ratio.  HP  efficiency  may  then  be  increased,  and  the  stall 
line  may  be  moved  to  higher  pressure  ratio,  permitting  an  engine  to 
run  in  a  region  where  it  could  not  run  without  bleed.  A  cost  is  paid 
in  work  done  on  the  bled  air,  and  this  is  likely  to  result  in  unac¬ 
ceptably  high  fuel  consumption.  Only  one  bleed  case  was  examined  by 
the  methods  of  this  study,  and  it  is  not  reported;  the  result  was  a 
loss  of  efficiency  with  no  improvement  in  stall  line.  Further  work 
was  not  carried  out  because  other  directions  were  more  attractive. 

Two-spooling  is  a  device  for  removing  the  speed-matching  restrictions 
on  the  two  compressors.  In  effect,  the  LP  speed  lines  in  Figure  38 
are  free  to  move  vertically.  Thus  the  LP  70-percent  speed  line  can  be 
run  at  55,000  KI’M,  while  the  HP  is  run  at  about  90  percent  speed  or 
68,000  RPM,  making  the  two  machines  comparable  in  flow  and  permitting 
good  flow  matching  to  be  attained  over  the  whole  range  of  LP  speeds. 
Figure  38  shows  that  a  range  of  HP  speed  from  about  65,000  to  69,000 
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Figure  60.  Loci  of  Stage  Pressure  Ratio  Peak  Values  on  the 
Performance  Map  of  a  5-Stage  Axial  Compressor. 
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Figure  61.  Compressor  Stage  Speed/Flow-Efficiency  Match  Relationships 
2.8  Supersonic  (FI)  Axial  LP  Compressor. 
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Figure  63.  Compressor  Stage  Speed/Flow-Efficiency  Match  Relationships,  2.8 
Supersonic  (FI)  Plus  Transonic  Axial  LP  Compressor. 
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Figure  o4.  Compressor  Stage  Speed/Flow-Efficiency  Relationship 
405  Centrifugal  Stage  HP  Compressor. 
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Figure  63.  Compressor  Stage  S peed/F low-Ef f ic ic ncy  Relationships, 
PW-G  Centrifugal  i:P  Compressor. 


corrected  RPM  is  required  to  handle  the  whole  range  of  LP  speeds  from 
70  percent  to  100  percent  of  design.  The  HP  compressor  can  be  de¬ 
signed  to  have  its  maximum  efficiency  and  maximum  pressure  ratio  in 
this  region,  thus  taking  maximum  advantage  of  HP  performance  potential. 
The  LP  compressor  performance  is  then  varied  to  modulate  the  overall 
flow  'nd  pressure  ratio.  The  actual  speed  relations  in  two-spool  en¬ 
gines  follow  thi..  pattern  quite  closely,  but  they  cannot  be  determined 
exactly  by  study  of  the  compressor  alone.  The  relative  speeds  are 
affected  particularly  by  power  turbine  area,  with  complex  inter¬ 
relations  between  turbine  and  compressor  speeds,  flows,  and  powers. 
Engine  performance  analyses  are  required  for  accurate  solutions.  The 
studies  performed  in  the  current  program  simply  assumed  that  LP  stall 
points  could  be  placed  on  HP  stall  lines,  with  exceptions  shown  on 
the  match  diagrams,  Figures  40  and  46. 

Stator  variable  ^-tting  angles  are  a  device  for  changing  the  flow  of 
the  compressors,  so  that  the  speed  lines  in  Figure  38  are  freed  to 
move  approximately  horizontally.  The  stators  which  can  be  moved  in¬ 
clude  the  inlet  guide  vane  and  the  stator  of  each  axial  stage,  and  the 
diffuser  vanes  of  the  centrifugal  compressor.  References  8,  10,  and 
12,  respectively,  reported  that  inlet  guide  vane  restaggers  alone  pro¬ 
vided  only  minor  changes  in  the  flow  of  specific  supersonic,  centrifu¬ 
gal,  and  transonic  compressors.  Rodgers,  in  Reference  13,  reported 
that  a  diffuser  vane  variable  setting  angle  was  very  effective  for 
changing  the  flow  for  radial-flow  compressors;  this  result  gives  cause 
to  hope  for  similar  effect!'  eness  of  exit  stator  variable  setting 
angles  for  axial  stages.  Figures  66  through  68  present  the  results  of 
a  mean-radius  mapping  study,  previously  unpublished,  on  the  flow¬ 
changing  effects  of  varying  the  setting  angles  of  inlet  guide  vanes 
and  both  stator  rows  of  a  two-stage  transonic  compressor.  The  curves 
are  given  for  100  percent,  80  percent,  and  60  percent  of  design  speed, 
and  show  percent  variation  of  flow  from  design  setting  angles.  Sig¬ 
nificant  variations  of  flow  are  indicated.  Compressor/engine  matching 
studies  in  this  program  have  assumed  a  fixed-geometry,  fixed-area  gas 
generator  turbine,  and  fixed-geometry  centrifugal  compressor.  It  has 
become  clear  that  HP  compressor  flow  modulation  is  not  required.  In 
general,  all  operating  points  have  good  efficiency  and  avoid  HP  stall 
regions  without  HP  flow  modulation.  Therefore,  there  is  no  need  to 
vary  the  centrifugal  compressor  diffuser  vane  setting  angles.  LP  com¬ 
pressor  stator  variable  setting  angles  require  a  greater  variation  of 
HP  speed  than  two  spooling,  but  the  variation  of  LP  speed  is  smaller 
because  the  flow  is  modulated  by  stator  vanes  as  well  as  by  speed. 

The  use  of  stator  variable  setting  angles  here  has  been  assumed  to 
permit  modulating  the  LP  flow  sc  chat  the  LP  stall  points  were  placed 
on  HP  stall  lines,  as  shown  in  the  match  diagrams.  Figures  42  and  44. 

The  basic  relations  of  stage  matching  have  been  described  to  the  ex¬ 
tent  that  a  reader  will  be  able  to  follow  the  stage-matching  investi¬ 
gations  which  are  summarized  Briefly  below.  Appendix  I  should  be 
consulted  when  more  detailed  information  is  needed. 
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Total  Pressure  Ratio,  P,/P.  Adiabatic  Efficiency 


Pressure  Ratio,  P  _/P„  Adiabatic  Efficiency,  Percent 


Total  Pressure  Ratio,  P0/P0  Adiabatic  Efficiency,  Percent 
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Figure  68.  Estimated  Performance  Variation  With  Stator  Setting 
Angle  Variation  at  60%  of  Design  Speed. 


96 


1. 


Fixed  Stator  Compressors.  The  study  of  fixed  stator  com¬ 
pressors  demonstrates  many  matching  characteristics  and  in 
particular  shows  why  and  how  the  high-pressure-ratio  compres¬ 
sor  requires  and  benefits  from  variable  geometry.  The  goals 
and  approaches  to  matching  were  consistently  guided  by  the 
need  to  satisfy  the  part-load  minimum  fuel  consumption  require¬ 
ments  and  were  influenced  by  structural  considerations.  In 
this  discussion  it  is  convenient  to  exhibit  the  compressor 
selections  and  the  matching  relations  in  chart  form,  as  fol¬ 
lows  : 


S 

TT 

ST 

405 

PW-G 

Case  2,  1-90/87 

Case  4,-1-83/88 
Figs.  41  and  51 

RF-2 

Case  1  -  95/94 

This  chart  shows  the  cases  that  were  studied  in  the  Initial 
matching  phase.  Columns  indicate  which  axial  compressor  was 
used  in  each  match,  and  lines  indicate  which  centrifugal,  as 
follows : 

S  -  one  axial  supersonic  stage,  see  Figures  32  and  61. 

TT  -  two  axial  transonic  stages,  see  Figures  33  and  62. 

ST  -  one  axial  supersonic  and  one  transonic,  see  Figures 
34  and  63. 

405  -  a  centrifugal  stage  with  moderate  tip  speed,  see 
Figures  35  and  64. 

PW-G  -  a  centrifugal  stage  with  intermediate  tip  speed,  see 
Figures  36  and  65 . 

RF-2  -  a  centrifugal  stage  with  high  tip  speed,  see  Figure  37. 

The  case  numbers  are  used  for  reference  in  Table  I,  where  all 
data  about  matching  have  been  summarized.  The  numbers  follow¬ 
ing  the  case  number  indicate  the  respective  LP  and  HP  percents 
of  design  speeds  at  which  the  stall  line  Intersection  occurs 
for  that  case.  The  Figure  numbers  refer  to  the  LP/HP  compres¬ 
sor  matching  curve  and  the  compressor/engine  matching  curves, 
respectively.  Graphed  data  are  presented  here  only  for  cases 
of  particular  interest. 
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The  stage  matching  work  began  before  the  moan-line  mapping 
studies  were  started  and  continued  after  they  were  completed. 
Initially,  it  was  supposed  that  stage  combinations  would  opti¬ 
mize  around  part  speed-points  which  could  serve  as  60  percent 
power  points  in  the  engine.  Case  2,  1  was  relatively  high  on 
the  LP  map  according  to  this  theory,  but  case  4,  1  was  con¬ 
sistent  with  it.  Both  were  relatively  low  on  the  HP  map.  The 
axial  stage  (LP)  stall  line  places  the  60  percent  power  operat¬ 
ing  points  for  cases  2,  1  and  4 ,  1  in  stall  at  2200°F  and  out 
of  stall  at  2100° F  turbine  inlet  temperature.  Both  cases  had 
maximum  pressure  ratio  limited  by  maximum  power  at  100  percent 
power,  a  matter  which  is  discussed  further  in  Appendix  II.  The 
60  percent  power  fuel  consumptions  of  these  machines  were  0.47 
and  0.475  at  2200°F  when  working  at  pressure  ratios  of  8.7  and 
8.65  for  cases  2,  2  and  4,  1  respectively.  For  case  1,  the  60 
percent  power  fuel  consumption  was  .51  at  7.6  pressure  ratio; 
pressure  ratio  was  power-limited,  as  were  the  others,  and  ef¬ 
ficiency  was  rather  low. 

A  consideration  of  inlet  temperature  effects  on  centrifugal 
compressors  indicated  that  the  full  aerodynamic  corrected  tip 
speeds  developed  in  cold-air  tests  would  not  be  available  for 
supercharged  stages  because  cf  two  effecLs  of  heating:  first, 
that  the  heated  inlet  air  will  raise  the  metal  temperature, 
decreasing  the  permissable  stress  and  permissable  actual  tip 
speed;  and  second,  that  the  heated  inlet  air  will  raise  the 
temperature  correction  and  reduce  the  aerodynamic  corrected 
speed  associated  with  a  given  actual  speed.  Based  on  the  de¬ 
sign  and  the  material  of  the  RF-2  compressor,  a  stress  scaling 
study  indicated  that  centrifugal  compressor  actual  tip  speed 
should  be  limited  to  values  lower  than  about  1850  ft/sec.  By 
this  standard  it  was  found  that  the  RF— 2  corrected  compressor 
tip  speeds  were  too  high.  The  design  pressure  ratio  could  not 
be  approached,  and  the  available  data  did  not  define  enough  of 
the  low-speed  performarce.  The  next  set  of  cases  still  fol¬ 
lowed  the  trend  of  low  match  speeds,  and  the  lower  speed  405 
centrifugal  compressor  was  used  extensively. 


S 

TT 

ST 

405 

Case  5,  1-80/85 

Case  9,  1-85/82 

Case 

7,  1-82/86 

PW-G 

Case 

13,1-91/84 

Data  for  these  cases  are  given  in  Table  I.  The  lower  pres¬ 
sure  ratios  resulted  in  higher  60  percent  power  SFC  values. 

The  best  case  was  13,1, for  which  the  higher  LP  match  speed 
gave  a  higher  pressure  ratio.  In  case  5,1,  the  LP  was  free  of 
stall  at  all  speeds  because  of  the  low  LP  match  speed  and  the 
broad  range  of  the  centrifugal.  For  the  other  cases,  the  60 
percent  power  points  were  in  the  stall  region  of  the  axial  (LP) 
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stages.  Except  for  case  13,1,  the  pressure  ratios  for  60  per¬ 
cent  power  were  power  limited,  with  centrifugal  tip  speeds 
below  the  1850  ft /sec  level.  Case  13,1  had  1860  ft/sec  tip 
speed  at  the  power-limit  points,  and  can  be  regarded  as  being 
speed-limited. 

The  power-limited  match  cases  were  unable  to  develop  the  po¬ 
tential  which  was  available  structurally.  That  is,  the  opti¬ 
mum  pressure  ratio  turned  out  to  have  a  lower  value  than  what 
could  be  attained  simply  by  running  to  acceptably  higher 
speed.  At  about  this  point  in  the  program,  it  was  learned  from 
the  mean-line  mapping  program  that  the  design-point  had  to  be 
moved  to  speeds  near  design  to  minimize  part-power  fuel  con¬ 
sumption.  The  corresponding  lesson  from  the  matching  proce¬ 
dures  was  that  the  match  points  had  to  be  moved  to  higher  LP 
and/or  HP  speeds.  This  direction  was  followed  in  the  next  set 
of  stage  combinations. 


S 

TT 

ST 

405 

Case  5,  2-90/92 

Case  9,  2-93/89 

Case  7,  2-90/92 
Figures  45  and  56 

PW-G 

Case  2,  2-95/90 

Case  4,  2-92/84 

Case  13,2-100/90 

In  each  of  these  cases  the  pressure-ratio  values  increased  and 
the  fuel  consumptions  decreased  from  previous  values.  The  tip 
speeds  in  all  cases  but  13,2  were  well  below  the  1850-ft/sec 
level  and  therefore  showed  potential  for  further  increases. 
Axial  stage  3tall  occurred  at  60  percent  power  for  every  case. 
An  unusual  kind  of  stall  line  appears  in  Case  7,  2  because  of 
the  wide  operating  range  of  the  405  centrifugal  stage.  In 
Figure  56  it  may  be  noted  that  the  30  percent  and  60  percent 
operating  points  lie  just  above  the  stall  line,  therefore  just 
inside  the  stall  region.  It  would  be  possible,  by  rematching 
the  engine  100  percent  power  temperature  at  a  lower  pressure 
ratio,  to  move  both  operating  points  out  of  stall.  At  the 
same  time,  however,  all  of  the  operating  points  would  prob¬ 
ably  move  to  lower  flow  and  pressure  ratio  because  of  falling 
efficiency  at  high  speeds .  Part-speed  specific  fuel  consump¬ 
tion  would  suffer  seriously. 

The  broad  range  of  the  405  centrifugal  is  due  to  the  lack  of  a 
vaned  diffuser,  which  can  be  replaced  by  a  scroll  diffuser 
with  a  loss  in  efficiency.  It  has  been  concluded  from  these 
compressor/engine  matching  studies  that  there  is  no  need  for 
this  broader  range.  The  stall  line  forms  of  the  PW-G  centrifu¬ 
gal  compressors  are  well  adapted  to  engine  operation  as  de¬ 
veloped.  It  is  reasonable  to  expect  that  vaned  (or  channel 
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type)  diffusers  can  be  successfully  developed  for  use  with 
fixed-geometry  gas  generator  turbines  as  required. 

The  investigations  showed  that  high  pressure  ratio  and  low 
specific  fuel  consumption  were  attainable  with  fixed  geometry 
at  the  cost  of  moving  the  axial  stage  stall  line  above  the  60 
percent  power  operating  point.  This  came  to  be  regarded  with 
misgivings.  The  extrapolation  of  performance  into  the  stall 
region  was  optimistic.  There  was  experience  with  a  two-spool 
engine  in  which  the  LP  compressor  stalled  at  exactly  the 
points  which  were  predicted  from  component  tests,  despite  the 
stabilizing  influence  of  an  HP  spool.  There  was  a  lack  of  in¬ 
formation  about  the  behavior  of  compressor  components  in  steady 
surge  or  stall  at  high  speeds.  There  were  two  ways  of  avoid¬ 
ing  the  problem:  one,  accept  a  fixed-geometry  compressor  at 
lower  pressure  ratio  so  that  LP  stall  does  not  occur  at  60  per¬ 
cent  power,  and  rely  on  bleed  to  stabilize  performance  at 
lower  power;  two,  use  variable  geometry.  Both  approaches  were 
pursued.  First,  fixed  geometry. 


S 

TT 

ST 

405 

PW-G 

Case  4, l-AAA-83/88 

Figures  41  and  52 

This  combination  of  stages  was  selected  because  it  provided 
the  best  60  percent  power  specific  fuel  consumption  of  the 
combinations  which  were  free  of  stall  at  60  percent  power. 

It  is  a  modification  of  case  4,1,  in  that  a  different,  more 
conservative  approach  was  taken  to  extrapolating  into  the 
stall  region  -  see  Appendix  I  -  and  additional  speed  lines 
were  interpolated.  The  60  percent  power  point  at  2100  F 
is  clear  of  axial  stage  stall.  Bleed  was  not  incorporated 
in  the  calculations  of  low  speed  performance,  though  it  was 
counted  as  a  necessary  part  of  the  engine. 

The  flow  path  of  the  compressor  was  defined  and  then  a  review 
of  the  program  was  conducted.  It  was  found  that  the  earlier 
limit  of  1850  ft/sec  tip  speed  was  conservative.  The  use  of 
a  different  titanium  alloy  and  a  change  of  the  cev>trifugal 
rotor  configuration  to  a  higher  hub/tip  ratio  at  inlet,  as 
compared  to  the  RF-2,  resulted  in  raising  the  permissible 
speed  to  a  level  near  2300  ft/sec.  Stages  were  matched  to 
show  the  performance  potential  of  the  higher  tip  speed,  as 
follows: 
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S 

TT 

ST 

405 

PW-G 

Case  2,3-95/101 

Case  4,3-95/92 

Case  13,3-95/88 

Figures  39  and  49 

Figures  43  and  54 

Figures  47  and  59 

The  performance  for  these  cases  was  used  In  an  evaluation  of 
performance  as  part  of  a  rating  system  given  subsequently. 

These  compressors  were  fixed-stator  machines;  cases  2,  3  and 
13,  3  were  power  limited  at  2000  and  1870  ft/sec  respectively, 
and  case  4,  3  reached  100  percent  LP  speed  at  1950  ft/sec  cen¬ 
trifugal  tip  speed.  Axial  stage  stall  was  indicated  at  60  per¬ 
cent  power  for  cases  2,  3  and  13,  3. 

Figure  69  shows  the  effect  of  centrifugal  compressor  tip  speed 
on  60  percent  power  performance  of  fixed-geometry  compressor 
engines .  Raising  tip  speed  generally  raises  pressure  ratio  and 
reduces  brake  specific  fuel  consumption. 

2.  Two-spool,  fixed-stator  compressors  were  matched  to  determine 
the  potential  of  this  variable-geometry  system.  The  match 
selections  were  influenced  by  the  same  factors  which  operated 
on  the  fixed-geometry  matches  described  above.  Because  of  the 
speed  flexibility  of  the  two-spool  system,  the  LP  match  point 
was  always  denoted  as  100  percent  speed,  and  the  HP  match 
point  selection  tended  to  be  more  significant.  The  PW-G  cen¬ 
trifugal  was  most  often  used  as  the  HP  compressor;  as  seen  in 
Figure  65,  the  maximum  efficiency  region  occurred  between 
about  90  and  103  percent  of  design  speed.  Higher  speeds  en¬ 
tailed  higher  pressure  ratio  and  higher  tip  speeds,  and  vice 
versa.  The  405  centrifugal  showed  maximum  efficiency  at  lower 
speeds,  but  was  matched  at  higher  speeds  for  high  pressure 
ratio.  An  effect  of  two-spooling  is  to  Improve  the  high-speed 
matching  of  the  compressor  elements  to  that  power- limiting 
tends  to  disappear  as  a  factor  determining  maximum  pressure 
ratio.  The  following  two-spool  cases  were  matched. 


S 

TT 

ST 

405 

Case  10-100/100 

Case  8-100/100 

FJ-G 

Case  3-100/95 

Case  11,1-100/105 

Case  14-100/90 

Figures  40  aid  50 

Figures  47  and  57 
Case  11,2-100/88 
Case  11,3-100/99 
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Total  Pressure  Ratio  Specific  Power,  Specific  Fuel  Cons 

hp/lb/sec  air  '  lb/hr/hp 


The  stall  line  of  the  matched  compressor  is  the  stall  line  of 
the  HP  centrifugal  compressor.  Axial  stage  stall  coincides 
with  the  HP  stall.  As  noted  above, the  accurate  matching  of  a 
two-spool  engine  compressor  is  not  possible  without  considera¬ 
tion  of  other  engine  components  in  a  complete  engine  system 
matching  analysis;  therefore, the  present  match  must  be  consid¬ 
ered  to  represent  a  potential  of  two-spool  systems  which  may 
not  be  entirely  fulfilled. 

The  performance  of  engines  incorporating  these  cases  is  sum¬ 
marized  in  Table  I.  In  Figure  70,  the  60  percent  power  engine 
performance  is  plotted  against  centrifugal  compressor  military 
power  tip  speed.  It  is  shown  that  higher  tip  speed  yields 
higher  pressure  ratio  and  lower  fuel  consumption,  as  promised 
by  the  parametric  cycle  data. 

3.  Variable  Stators.  The  misgivings,  noted  above,  about  operating 
a  fixed -geometry  compressor  at  relatively  high  speeds  with  LP 
stages  in  stall  led  to  the  investigation  of  two  stage  combina¬ 
tions  with  variable  stators,  as  follows: 


S 

TT 

ST 

405 

PW-G 

Case  4,1-VS  83/88 
Figures  42  and  53 
Case  4,4-VS  95/105 
Figures  44  and  55 

The  LP  flow  in  case  4,1-VS  was  required  to  be  increased  for  LP 
speeds  above  33  percent  to  take  advantage  of  the  full  high-speed  LP 
pressure  ratio  capability.  As  a  result, the  flow  at  LP  design 
speed  increased  from  5  to  6.6  lb/sec.  The  compressor/ 
engine  match  showed  no  power  limit  below  design  speed  and  thus 
presented  a  theoretic  possibility  of  pushing  the  military  point 
to  100  percent  LP  speed,  with  benefits  to  60  percent  power 
specific  fuel  consumption.  At  lower  speeds,  the  LP  flow  was  de¬ 
creased  to  move  the  stall  line  over  to  the  HP  stall  lines. 

These  moves  could  be  made  freely  in  the  matching  study  without 
serious  questions  of  actual  feasibility. 

In  choosing  the  stage  combination  for  the  final  preliminary  de¬ 
sign,  case  4,4-VS,  a  more  conservative  approach  was  taken.  The 
actual  desired  match  point  was  95/105  for  the  military  point 
and  was  assumed  to  be  a  nominal  stator  setting  angle.  The 
speeds  for  both  LP  and  HP  were  at  high  efficiency  (see  Figures 
62  and  65)  but  were  above  the  maximum  values  of  efficiency 
islands  to  give  high  pressure  ratio  from  each  stage.  Operation 
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Total  Pressure  Ratio,  Pj/P2  Specific  Power  Specific  Fuel 

SHP/Wa  Consumption 

lb/hp/hr 


Centrifugal  Compressor  Tip  Speed, 
at  100%  Power,  ft /sec 


Figure  70.  Effects  of  Centrifugal  Compressor  Tip  Speed  on  60%  Power 
Performance  of  Two-Spool  Compressor  Engines. 


104 


at  lower  speeds  depends  on  variable  stators  which  decrease  LP 
flow  so  that  the  LP  stall  line  falls  upon  the  HP  stall  line, 
eliminating  LP  stall. 

The  compressor/engine  match  that  resulted  was  not  power  limited 
and  permitted  operating  at  the  95  percent  speed  with  military 
power  as  desired,  with  a  centrifugal  compressor  tip  speed  of 
2050  ft/sec. 

4.  Compressor  Peak  Efficiency  Location.  Following  the  indications 
about  the  optimum  design  point  from  the  mean-line  mapping  study 
and  about  the  optimum  matchpoint  from  the  stage  matching  stud¬ 
ies,  a  study  was  made  of  the  compressor  peak  efficiency  loca¬ 
tion  which  would  provide  minimum  60  percent  power  fuel  consump¬ 
tion.  The  military  power  point  was  assigned  a  fixed  turbine 
inlet  temperature  of  2500°F,  and  the  military  flow  rate  was 
denoted  100  percent  flow.  The  maximum  efficiency  was  deter¬ 
mined  as  previously  defined  in  Figure.  20  for  an  LP  compressor 
with  two  transonic  stages. 

It  was  noted  from  experience  that  compressor  efficiency  usually 
comes  to  a  peak  at  some  point  in  the  engine  flow  range.  It  was 
supposed  that  the  peak  could  be  caused  to  occur  at  either  50 
percent,  75  percent,  or  100  percent  of  military  flow,  and  that 
efficiency  would  vary  according  to  a  parabolic  law  at  points 
away  from  the  peak,  as  shown  in  Figure  71.  With  these  sup¬ 
positions,  some  possible  60  percent  power  performance  points 
were  computed  as  shown  in  Figure  72  for  military  pressure 
ratios  of  10,  15,  and  20.  It  is  shown  that  minimum  SFC  for 
60  percent  always  occurs  for  case  C,  wherein  the  efficiency 
peak  is  located  at  military  power  flow.  It  is  also  noted  that 
60  percent  power  SFC  decreases  by  8  percent  as  military  pres¬ 
sure  ratio  is  raised  from  10  to  15,  and  by  2  percent  as  pres¬ 
sure  ratio  is  raised  from  15  to  20. 

Further  examination  shows  that  the  efficiency  at  60  percent 
power  minimum  SFC  is  within  2  percent  of  peak  efficiency  in 
every  case,  a  relatively  insignificant  variation.  The  decisive 
effect  of  peak  efficiency  location  is  that  the  movement  of  peak 
efficiency  to  lower  flows  also  moves  the  optimum  60  percent 
power  point  to  lower  flow  and  particularly  to  lower  pressure 
ratio. 

An  insight  growing  out  of  this  study  relates  to  engine  size. 
Given  a  military  pressure  ratio  and  a  peak  efficiency  value, 
and  other  things  equal,  the  best  military  specific  power  occurs 
if  peak  efficiency  is  located  at  military.  This  gives  the 
smallest  possible  engine  for  a  given  power  level.  Any  other 
location  of  peak  efficiency  gives  a  larger  engine,  as  reflected 
in  absolute  airflow  required  at  military  power.  For  the  15:1 
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Figure  71.  Effects  of  Compressor  Peak  Efficiency  Location, 
Efficiency  Variation  Assumptions. 
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Effects  of  Compressor  Peak  Efficiency  Location 
60  Percent  Power  Performance  vs .  Percent  Military 
Airflow  for  Military  Pressure  Ratios  of  10,  15, 
and  20  at  Turbine  Inlet  Temperature  2500°F. 


military  pressure  ratio.  Figure  73  shows  the  variation  of  per¬ 
formance  with  location  of  the  efficiency  peak  as  a  function  of 
absolute  airflow.  The  engine  is  required  to  be  larger  as  peak 
efficiency  is  moved  away  from  military  and  as  military  effi¬ 
ciency  decreases.  As  the  engine  becomes  larger,  the  60  percent 
power  minimum  SFC  gets  larger.  Therefore,  the  smallest  engine 
is  also  the  engine  which  gives  the  best  SFC  at  part  load.  The 
determining  factor  in  size  is  military  efficiency,  and  the  peak 
can  be  moved  somewhat  without  causing  much  change  of  efficiency 
or  size.  Movement  to  this  extent  will  probably  not  impair  60 
percent  power  SFC.  Movement  of  the  peak  toward  lower  flow  will 
favor  part-load  performance;  but  movement  toward  higher  flow 
should  impair  part-load  performance,  because  of  the  decrease 
of  compressor  efficiency. 

These  results  agree  with  the  trends  of  the  cycle  analysis  given 
in  Figures  1  to  13,  that  BSFC  decreases  as  efficiency  is  in¬ 
creased  and  as  pressure  ratio  is  increased.  They  also  agree 
with  results  of  the  mean-line  mapping  and  stage  matching  stud¬ 
ies.  The  mean-line  mapping  study  showed  that  the  design  should 
be  optimized  for  a  higher  speed,  which  results  in  a  higher 
pressure  ratio  for  all  operating  points  and  a  maximum  effi¬ 
ciency  near  military  power.  The  stage  matching  study  showed 
that  good  matching  at  high  speeds  is  optimum  because  it  too 
results  in  a  higher  pressure  for  all  operating  conditions  and 
high  efficiency  near  military  power. 

Power  Turbine  Flow  Area 


The  power  turbine  flow  area  can  be  made  variable  at  a  cost  in  mechanical 
complexity  and  in  somewhat  reduced  turbine  efficiency.  The  variation  of 
the  turbine  flow  area  can  be  used  to  change  the  gas  generator  operating 
conditions  at  various  part- load  operating  conditions.  At  a  given  power, 
reducing  the  power  turbine  area  will  cause  an  increase  in  turbine  inlet 
temperature  and  a  reduction  in  airflow  and  pressure  ratio.  Since  these 
changes  cause  a  movement  from  one  point  to  another  on  the  compressor  per¬ 
formance  map,  a  change  of  compressor  efficiency  will  also  be  expected  to 
occur.  Furthermore,  engine  specific  fuel  consumption  may  be  expected  to 
change . 

The  effect  of  compressor  characteristics  on  part-load  performance  of  a 
2500°F  single  spool  free  turbine  engine  was  investigated  using  a  predicted 
performance  map,  Figure  52,  for  the  fixed-geometry  preliminary  design. 
Engine  performance  was  evaluated  using  three  possible  engine  operating 
lines,  two  being  achieved  using  power  turbine  variable  geometry:  (a)  using 
performance  map  efficiencies  and  (b)  assuming  constant  efficiency  over  the 
entire  map  to  isolate  cycle  performance  effects .  The  three  operating 
lines,  shown  in  Figure  52,  were:  (a)  fixed  power  turbine  geometry,  (b) 
reducing  power  turbine  area  to  hold  turbine  inlet  temperature  constant  at 
part  load,  and  (c)  increasing  power  turbine  area  to  hold  RPM  constant  at 
part  load. 
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Compressor 

Brake  Specific  Fuel  Consumption,  Turbine  Inlet  Pressure  Compressor  Adiabatic 
lb/hp/hr  Temperature ,°F  Ratio  Efficiency,  Percent 


Compressor  Airflow,  W  JT/h ,  lb/ sec 


Figure  73.  Effects  of  Compressor  Peak  Efficiency  Location,  60%  Power 
Performance  vs.  Airflow  for  Military  Pressure  Ratio  of 
12:1  and  Turbine  Inlet  Temperature  of  2500^. 
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The  results  of  the  analysis  using  the  compressor  map  efficiencies  are  shown 
in  Figure  74.  It  is  shown  that  an  engine  operating  line  at  fixed  power 
turbine  area  produced  lower  part- load  fuel  consumption  than  that  obtained 
at  either  constant  temperature  or  constant  RPM.  These  results  were  attrib¬ 
uted  partly  to  the  fact  that  the  compressor  was  operated  on  the  perfonn.inc 
map  close  to  the  peak  efficiency  line. 

The  results  of  an  analysis  wherein  efficiency  was  held  constant  are  given 
in  Figure  75.  Again  it  was  found  that  the  operating  line  at  fixed  power 
turbine  area  produced  lower  part-load  fuel  consumption  than  at  constant 
temperature  or  constant  RPM.  Therefore,  it  was  shown  that  there  were  ad¬ 
vantages  for  the  fixed-area  case  stemming  from  a  complicated  interplay  be¬ 
tween  cycle  temperature  and  pressure  ratio  effects. 

This  study  showed  that,  in  this  case,  performance  is  optimized  and  mechani¬ 
cal  complexities  are  avoided  by  selecting  a  fixed  power  turbine  area  for 
the  engine . 

Selected  Configuration 


The  final  compressor  configuration  was  selected  by  use  of  the  following 
information  and  selection  procedures. 

Two-Spool  Versus  One-Spool 

A  rating  of  compressor  types  was  developed  to  rationalize  the  selection 
between  one-spool  and  two-spool  compressors  and  between  several  avail¬ 
able  axial  stages.  The  two-spool  compressor  received  the  following 
considerations . 

Two-Spool  Compressor  With  Front  Drive  Free  Turbine 


A  two-spool  compressor  provides  high  pressure  ratio  with  a  wide 
range  of  flows  and  pressure  ratios  at  good  efficiencies. 

Two-spooling  is  judged  to  offer  benefits  as  follows: 

1.  Two-spooling  serves  the  same  purpose  as  variable  stators  and 
therefore  makes  their  use  unnecessary  with  the  following  bene¬ 
fits: 

Blade  ends  inside  and  outside  the  casing  are  not  clutteied 
with  modifications  and  parts  required  for  varying  blade  set¬ 
tings  . 

Leakage  at  blade  ends  is  better  controlled  with  better  per¬ 
formance  over  a  wide  range  of  speeds  . 

Stage  type  selection,  design,  and  development  are  freed  of 
consideration  of  variability  requirements  and  effects. 
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Brake  Specific  Fuel  Consumption  Turbine  Inlet  Temperature, 

lb/hp/hr 


Figure  74.  Effect  of  Variable  Power  Turbine  Area  on  Part-Load 
Fuel  Consumption,  Efficiency  Based  on  Compressor 
Performance  Map,  Case  4,1-AAA. 
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Figure  75.  Effect  of  Variable  Power  Turbine  Area  on  Part-Load  Fuel 
Consumption  With  Compressor  Efficiency  Constant. 


2.  The  axial  and  centrifugal  spools  can  be  designed  for  different 
shaft  speeds  as  required  for  optimization  of  each. 

3.  Lubricated,  enclosed  bearings  should  give  better  durability 
than  stator  actuation  linkage  Joints  and  stator  trunnions. 

4.  The  cost  of  corresponding  replacement  parts,  i.e.,  bearings  and 
seals,  should  be  less  than  a  set  of  stator  trunnion  and  linkage 
bushings . 

5.  Because  of  detailed  flow  path  smoothness  and  greater  matching 
flexibility,  better  overall  efficiency  will  yield  better  SFC. 

Two-spooling  with  coaxial  front  shaft  is  ludged  to  have  added 

weight  and  to  present  excessive  complications  for  a  three-year  de¬ 
velopment  program  for  the  following  reasons: 

1.  A  requirement  of  the  system  is  to  minimize  the  hole  diameter 
in  the  centrifugal  compressor  disc,  so  that  useful  pressure 
ratios  and  tip  speeds  can  be  produced.  For  a  4.4  lb/sec  ma¬ 
chine,  a  hole  maximum  diameter  of  2  inches  is  regarded  as 
reasonable.  As  a  result,  the  drive  shaft  is  slander  and  long 
with  critical  speeds  at  about  8000  RPM  and  25,000  RPM.  Control 
of  vibrations  presents  excessive  development  risk. 

2.  Bearings  musu  operate  at  or  beyond  limits  of  state-of-the-art 
DN  values  for  rolling  element  bearings. 

3.  Oil  scavenging  with  restricted  shaft  size  and  limited  line 
access  spaces  promises  serious  design  compromise  and  high  de¬ 
velopment  risk. 

Two-Spool  Compressor  With  Coupled  Power  Turbine 


The  advantages  of  tw  -spooling  prompted  the  investigation  of  means 
other  than  a  coaxial  shaft  for  providing  a  front-drive  engine. 

1.  LP  coupled  power  turbine.  The  drive  shaft  would  be  fastened 
to  the  LP  shaft,  thus  avoiding  the  need  for  a  third  coaxial 
shaft.  This  is  a  feasible  cycle  which  has  been  investigated 
at  Curtiss-Wright  in  the  past.  It  is  judged  to  be  unacceptable 
for  the  following  reasons: 

Helicopter  shaft  speed  is  nearly  constant  from  30  percent 
to  100  percent  power.  Holding  the  LP  compressor  shaft 
speed  constant  prevents  flow  variation  as  a  means  of  power 
modulation.  Compressor  matching  at  off -design  speeds  is 
inconsistent  with  cycle  requirements. 
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2.  HP  coupled  [.ower  turbine.  The  drive  shaft  is  coupled  through 
gears  to  the  IIP  spool,  providing  a  power  shaft  parallel  to, 
but  offset  from,  the  two-spool  turbomachinery  shafting.  The 
gearing  would  interrupt  the  flow  pa:h  of  an  axial-flow  compres¬ 
sor  engine,  but  the  centrifugal  compressor  discharge  can  be 
collected  in  one  or  more  pipes  to  bypass  the  gearing. 

Advantages  arc: 

.  A  constant-speed  IIP  spool  is  better  suited  to  compressor 
matching  than  constant-speed  l.P. 

.  Some  speed  reduction  could  be  taken. 

.  Accessory  drives  could  be  incorporated  in  the  same  gearbox. 

Disadvantages  relative  to  other  systems  wore  judged  to  be  over¬ 
riding,  as  follows: 

.  Engine  size  and  weight  would  be  excessive. 

.  Added  complexity  of  gear  drive  is  excessive,  for  development 
and  maintainability. 

The  ratings  of  various  stage  types  were  based  on  the  data  given  in  Table  II, 
derived  from  preliminary  matching  studies  based  on  fixed-stator  configura¬ 
tions,  but  recognizing  a  need  for  variable  stators  in  the  projected  com¬ 
pressor. 

Tables  III  and  IV  were  developed  as  an  aid  in  selecting  the  axial-stage 
type  for  a  single-spool,  variable-stator  machine  of  60  percent  power  pres¬ 
sure  ratio  at  12  or  above. 

The  merit  scale  is  as  follows: 

Merit  Rating 


5 

4 

3 

2 

1 


Value  Definition 


Most  desirable 


Least  desirabTe 


Weighting  factors  are  given  to  line  items,  as  noted  in  the  weighting  col¬ 
umn.  Group  or  category  weight  factors  are  calculated  on  the  basis  that  a 
maximum  value  in  every  line  would  score  the  percentage  allocated  for  the 
category. 
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TABLE  11.  ONE-SPOOL  COMPRESSOR  AXIAL  STAGE  TYPE  RATING  DATA 

No.  of  Axial  Stages 

0 

1 

2 

2 

Type  Axial  Stages 

0 

S 

TT 

ST 

Matching  Case 

12 

2.3 

4.3 

13,3 

SFC  60  Percent  Power 

.485 

.455 

.455 

.446 

30  Percent  Power 

.6 

.54 

.53 

.535 

100  Percent  Power 

.43 

.405 

.40 

.402 

BHP/Wa  100  Percent  Power 

235 

237 

240 

235 

At  60  Percent  Power 

P/P 

8.9 

11.6 

12 

12.8 

^  c 

78.2 

78 

77 

77 

Axial  Stall 

0 

Yes 

No 

Yes 

Ajj  (development) 

+6 

+5 

4-2.5 

4-5 

At  100  Percent  Power 

P/P 

11.9 

15.3 

16.0 

17.1 

«JC 

77 

78 

79 

77 

Ut  Centrifugal 

2100 

2000 

1950 

1870 

Note:  All  axial  atators 

are  to  be  movable 

to  guarantee 

30 

percent  power  stall-free  operation  and  adequate 
starting.  No.  of  movable  atators  -  1  +  No.  of  axial 

stages. 
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TABLE  III.  ONE-SPOOL  COMPRESSOR  AXIAL  STAGE  TYPE  MERIT  RATINGS 


Axial  Stage  Type 

Merit 

Rating 

We i  gh  t 

Score 

0 

C 

'1 T 

ST 

Fac  tor 

0 

S 

TT 

ST 

Fuel  Consumption 

60  Percent  Power 

1 

A 

4 

5 

5 

5 

20 

20 

25 

30  Percent  Power 

1 

3 

5 

4 

2 

2 

6 

10 

8 

100  Percent  Power 

1 

3 

5 

4 

1 

1 

3 

5 

4 

Sum 

8 

8 

29 

35 

37 

Category  Weight  40/40 

40 

8 

29 

35 

37 

Size,  Minimum 

SHP/Wa  100  Percent  Power 

3 

4 

5 

3 

1 

3 

4 

5 

3 

No.  of  Axial  Stages 

5 

4 

3 

3 

1 

5 

4 

3 

3 

Sum 

2 

8 

8 

8 

6 

Category  Weight  15/10 

10 

12 

12 

12 

9 

Mechanical  Complexity, 

Lack  of 

No.  of  Axial  Stages 

5 

4 

3 

3 

1 

5 

4 

3 

3 

No.  of  Variable  Stators 

5 

4 

3 

3 

1 

5 

4 

3 

3 

Sum 

2 

10 

8 

6 

6 

Category  Weight  10/10 

10 

10 

8 

6 

6 

Cost,  Minimum 

No.  of  Axial  Stages 

5 

3 

1 

1 

1 

5 

3 

1 

1 

No.  of  Variable  Stators 

5 

3 

1 

1 

1 

5 

3 

1 

1 

Sum 

2 

10 

6 

2 

2 

Category  Weight  10/10 

10 

10 

6 

2 

2 

Development  Status 

Compressor  Efficiency 

2 

3 

5 

4 

1 

2 

3 

5 

4 

LP  Stall  Alleviation 

5 

2 

4 

3 

2 

10 

4 

8 

6 

Shaft  Critical  Speeds 

5 

4 

3 

2 

1 

5 

4 

3 

2 

Sum 

4 

17 

11 

16 

12 

Category  Weight  15/20 

20 

12.75 

8.25 

12 

9.00 

Durability 

Variable  Stators 

5 

4 

4 

4 

1 

5 

4 

4 

4 

Sum 

1 

5 

4 

4 

4 

Category  Weight  5/5 

5 

5 

4 

4 

4 

Maintainability 

Variable  Stators 

5 

3 

1 

1 

1 

5 

3 

1 

1 

Sum 

1 

5 

3 

1 

1 

Category  Weight  5/5 

5 

5 

3 

1 

1 
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TABLE  IV 

.  ONE-SPOOL  COMPRESSOR  AXIAL  STAGE 
TYPE  MERIT  RATING  SUMMARY 

Category 

Weight 

Factor 

0 

Axial  Stage  Type 

- s - TT — 

ST 

Fuel  Consumption 

40 

8.0 

29.0 

35.0 

37.0 

Size,  Minimum 

15 

12.0 

12.0 

12.0 

9.0 

Mechanical  Complexity 

Lack  of  10 

10.0 

8.0 

6.0 

6.0 

Cost,  Minimum 

10 

10.0 

6.0 

2  0 

2.0 

Development  Status 

15 

12.75 

8.25 

12.0 

9.0 

Durability 

5 

5.0 

4.0 

4.0 

4.0 

Maintainability 

5 

5.0 

3.0 

1.0 

1.0 

Sum 

100 

62.75 

70.25 

72.0 

68.0 

The  following  cases  are  considered  in  the  rating  systems. 


Rating  Case 
0 


S 

TT 

S* 


Definition 

There  is  no  axial  stage.  The  centrifugal 
stage  is  the  Boeing  RF-2  with  improved 
efficiency. 

The  2.8  supersonic  stage  with  improved 
efficiency  is  the  axial  stage. 

The  two-stage  transonic  compressor  with 
improved  efficiency  in  the  axial  stages. 

The  axial  stage  consists  of  the  2.8  super¬ 
sonic  plus  a  transonic  stage. 


In  types  S.  TT,  and  ST  the  centrifugal  stage  is  based  on  the  PW-G  stage. 


The  highest  ranked  and  selected  axial  compressor  is  type  TT,  the  two-stage 
transonic  compressor. 


Rating  comments  are  as  follows:  Type  0,  with  no  axial  stage,  suffered  be¬ 
cause  of  low  ranking  for  fuel  consumption.  In  development  status,  a  large 
efficiency  increment  requirement  was  balanced  by  the  desirable  lack  of 
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stator  variability  and  a  short-length  front  shaft.  Type  S,  with  1  super¬ 
sonic  stage,  suffered  in  fuel  consumption  rank  and  in  development  status, 
where  need  is  seen  to  demonstrate  flow-variation  capability.  There  is  also 
a  substantial  efficiency  increment.  Type  ST  shared  the  limitations  of  the 
supersonic  stage  but  showed  better  fuel  consumption  because  of  higher  pics- 
sure  ratio  capability.  Type  TT  showed  less  development  risk  with  good  ( uel 
consumption, and  this  overbalanced  the  disadvantages  of  the  added  stage. 

Comments  about  development  status  are  relevant  to  future  and  current  re¬ 
search  work.  The  anticipated  efficiency  gain  requirement  risks  for  the 
supersonic  and  transonic  stages  presently  favor  the  transonic  axial  com¬ 
pressor,  a  picture  which  can  be  altered  by  the  current  supersonic  compres¬ 
sor  stator  research  program.  It  is  clear  from  these  matching  studies  that 
single-spool  compressors  require  axial  stage  flow  variation  as  a  means  to 
give  useful  high-pressure- ratio  performance,  either  by  two-spooling  or  by 
variable  stators.  The  capability  of  the  supersonic  and  transonic  stage  for 
variable  stator  flow  movement  is  an  important  factor  in  selecting  and 
applying  a  type  of  stage,  and  it  cannot  be  really  known  without  experimental 
evaluation  of  theory.  Therefore,  the  investigation  of  the  flow-variation 
potential  of  both  of  these  stages  is  of  great  interest.  Ability  to  de¬ 
crease  flow  at  lower  speeds  is  the  required  direction  of  flow  variation. 
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Preliminary  Design  of  Selected  Configurations 


Two  preliminary  compressor  designs  were  produced:  a  fixed -geometry  compres¬ 
sor  and  a  variable-stator  compressor.  The  discussion  here  takes  up  first 
the  aerodynamic  aspects  of  both  compressors  and  then  the  structural  or  de¬ 
sign  aspects  of  both  machines.  The  variable- stator  compressor  is  the  se¬ 
lected  compressor  and  received  more  comprehensive  definition  than  the 
other. 


Fixed -Geometry  Compressor  Aerodynamics 


The  compressor  consists  of  two  transonic  axial  stages  and  a  centrifugal 
stage.  Based  on  the  previous  findings  of  the  study,  the  military-rated 
operating  point  was  selected  as  the  design  point.  Table  V  gives  the 
design  point  operating  conditions,  the  stage  design  point  performance 
values,  and  the  flew  oath  dimensions.  The  overall  pressure  ratio  is 
11.8. 


The  selection  of  the  design  point  is  based  on  LP/HP  and  compressor/ 
engine  matching  analyses  discussed  previously  under  Compressor  Charac¬ 
teristics.  To  summarize  those  considerations  briefly,  a  match  was 
selected  to  give  a  60  percent  power  point  free  of  LP  stall,  at  high 
efficiency,  and  high  pressure  ratio.  It  is  expected  that  bleed  will 
be  required  to  provide  satisfactory  low-speed  performance,  but  provi¬ 
sions  for  bleed  have  not  been  detailed.  The  matching  data  are  pre¬ 
sented  in  Figures  41  and  52  and  Table  I  for  Case  4,1-AAA. 

The  selection  of  pressure  ratio  value  is  based  on  three  factors; 
namely,  efficiency,  stall  margin,  and  work  capability.  The  centrifugal 
stage  with  radial  blades  was  chosen  to  give  the  highest  pressure  ratio 
commensurate  with  a  temporarily  adopted  tip  speed  limit  of  1840  ft/sec. 
The  two-stage  transonic  LP  compressor  of  high  pressure  ratio  was  se¬ 
lected  for  its  wide  operating  range  and  high  efficiency, and  was  matched 
at  less  than  maximum  pressure  ratio  to  favor  part-power  stall  condi¬ 
tions.  The  result  was  a  compressor  which  would  deliver  a  maximum  pres¬ 
sure  ratio  from  the  available  resources,  as  defined  in  a  performance 
map.  The  compressor/engine  match  was  speed- limited ,  not  power- limited , 
permitting  the  compressor  structural  resources  to  be  fully  exploited. 

It  may  be  noted  that  this  design  does  not  place  the  peak  efficiency 
at  the  military  power  point  and,  therefore,  is  contrary  to  the 
study  results,  under  Compressor  Characteristics  above,  about  the  op¬ 
timum  location  for  compressor  peak  efficiency.  There  are  two  ways  of 
meeting  that  requirement,  but  both  can  be  shown  to  give  results  contrary 
to  program  objectives.  First  and  simplest,  one  could  match  the  engine 
so  as  to  place  the  military  rated  point  at  the  compressor  peak  effi¬ 
ciency  point,  where  pressure  ratio  is  lower.  This  would  contravene 
program  objectives  because  part-power  operating  points  would  have  lower 
pressure  ratio  and  efficiency  and  therefore  higher  specific  fuel  con¬ 
sumption.  Second,  one  could  retain  the  pressure  ratio  and  raise  the 
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TABLE  V.  FIXED -GEOMETRY  COMPRESSOR  FLOW  PATH  AND 
MILITARY  RATED  DESIGN  POINT  PERFORMANCE 
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efficiency  by  adding  a  stage,  reducing  stage  loading,  and  matching 
stages  so  that  efficiency  would  decrease  toward  lower  flows.  This 
would  contravene  program  objectives  by  failing  to  fully  utilize  the 
stage  work  resources.  In  both  instances,  LP  stall  would  exist  at  60 
percent  power,  increasing  the  uncertainties  about  performance  at  all 
part-load  operating  conditions. 

The  design  approach  is  to  define  an  attainable  overall  performance 
through  stage  matching  of  realistic  components,  to  establish  a  military 
rated  power  design  point,  and  then  to  determine  the  compressor  configu¬ 
ration  required  for  attaining  the  design  point.  Later  phases  of  the 
design  would  investigate  the  requirements  for  meeting  stall  line  and 
part-power  operating  requirements . 

The  definition  of  the  flow  path  was  the  initial  step  in  determining  the 
compressor  geometry.  A  mean-line  compressor  design  program  L2050  was 
used  in  this  work. 

A  systematic  variation  of  meridional  velocity,  blade  speed,  stage 
pressure  ratios,  and  stator  leaving  angles  was  carried  out  in  about  20 
runs  of  the  program.  Satisfactory  values  of  diffusion  factor  and 
DeHaller  number  served  as  tests  for  changing  variables  in  the  various 
runs  The  velocity  diagram  parameters  are  listed  in  Table  VI,  and 
velocity  diagrams  are  depicted  in  Figure  76  .  The  flow  path  la  de¬ 
picted  in  Figure  77.  The  flow  path  selected  for  this  axial  compressor 
shows  a  smooth  curve  for  the  hub  wall, with  a  broken  line  for  the  tip 
wall.  The  centrifugal  compressor  annulus  is  directly  aligned  and 
closely  connected  to  the  axial  annulus.  The  reasons  for  selecting  this 
configuration  are  given  in  the  section  above  on  Component  Configuration. 
The  inducer  is  slightly  supersonic  and  is  given  a  large  axial  length 
so  that  the  swirl  and  the  radial  pressure  gradient  can  be  raised  prior 
to  the  turn  to  radial,  and  so  that  the  required  large  inducer  diffusion 
can  be  performed  gradually.  At  impeller  exit,  the  passage  height  was 
0.16  inch,  a  larger  value  than  the  0.12  inch  estimated  to  have  been 
used  in  the  PW-G  impeller.  The  diffuser  represented  is  a  channel  type 
of  the  pattern  developed  in  Reference  10. 

Variable-Stator  Compressor  Aerodynamics 


The  compressor  consists  of  two  transonic  axial  stages  and  a  centrifugal 
stage.  The  military-rated  operating  point  was  selected  as  the  design- 
point.  In  addition,  operating  conditions  at  the  estimated  60  percent 
and  30  percent  power  points  were  investigated  to  determine  the  stator 
restaggers  associated  with  these  conditions.  Table  VII  gives  the  design 
point  operating  conditions,  the  stage  design-point  performance  values, 
and  the  flow  path  dimensions.  The  flow  path  is  depicted  in  Figure  78. 

The  axial  compressor  type  for  thi3  design  was  selected  according  to  the 
section  above  denoted  Selected  Configuration.  The  centrifugal  compressor 
was  configured  with  an  inducer  annulus  aligned  to  and  close-coupled  to 
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TABLE  VI.  FIXED-GEOMETRY  COMPRESSOR  PRELIMINARY  DESIGN 
VELOCITY  DIAGRAM  DATA 


Transonic  Axial 


Blade  Row 

Stage 

L 

Stage  2 

Centrifugal 

Stage 

IGV 

Rotor 

Stator 

Rotor 

Stator 

Inducer 

Diffuser 

Ul,  ft/sec 

1050 

1050 

1065 

1050 

1056 

1840 

Vmi,  ft /sec 

- 

500 

560 

570 

610 

620 

620 

Mi 

- 

1.06 

0.65 

1.02 

0.66 

0.S6 

1.14 

°1.  deg 

0 

64.5 

42.5 

61.8 

42.7 

59.6 

69.0 

®2 »  deg 

0 

43.8 

0 

38.6 

0 

19.9 

- 

DeHaller  Number 

- 

0.67 

0.75 

0.64 

0.75 

0.63 

- 

D- Factor 

- 

0.47 

0.49 

0.50 

0.49 

- 

- 

Pressure  Recovery 

- 

0.94 

0.98 

0.96 

0.98 

0.84 

0.93 

Subscripts:  1  -  inlet  of  blade  row 

2  -  exit  of  blade  row 

m  -  component  in  meridional  plane  (axial  or  radial) 
Symbols:  U  “  rotor  blade  section  speed 

V  -  air  velocity 
M  -  Mach  number 

«  -  air  angle  measured  from  meridional  plane 
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the  axial  stages.  The  basic  stage  matching  was  based  on  the  military 
rated  point,  with  the  part  power  performance  improved  by  varying  3tator 
setting  angles.  The  LP  compressor  speed  of  95  percent  was  just  above 
the  maximum  efficiency  island,  as  shown  in  Figure  62.  A  conservative 
approach  was  taker,  in  that  the  LP  stage  work  level  was  reduced  by  4 
percent  to  bring  stage  work  back  to  the  levels  of  the  experimental  ma¬ 
chine  with  efficiencies  still  being  kept  high  as  in  the  modified  case. 
The  HP  compressor  speed  of  105  percent  was  also  just  above  the  maximum 
efficiency  island  as  shown  in  Figure  65.  This  was  the  highest  speed 
and  gave  the  highest  pressure  ratio  that  could  be  derived  directly  from 
the  test.*  of  the  IV-G  centrifugal  stages,  and  it  resulted  in  a  centrif¬ 
ugal  compressor  tip  speed  of  2050  ft/sec  and  an  overall  military  rated 
pressure  ratio  of  19.23.  No  established  limit  prevented  pushing  to 
higher  pressure  ratios;  it  was  judged  that  the  selected  design  point  rep¬ 
resented  a  reasonable  extension  of  current  state  of  the  art  for  a  three- 
year  development  program.  The  LP/HP  matching  relations  are  shown  in 
Figure  44,  and  the  compressor/engine  match  is  shown  in  Figure  55. 

The  compressor/engine  match  was  not  power-limited, and  the  military 
rated  point  was  located  at  95  percent  of  the  design  speed  of  the 
transonic  axial  compressor.  An  80  percent  efficiency  island  covers 
most  of  the  operating  range  of  the  map,  due  to  the  matching  improve¬ 
ments  to  be  effected  through  the  variable-stator  setting  angles. 

The  flow  path  dimensions  were  established  by  using  the  design  program 
L2050  in  the  manner  described  above  for  the  fixed -geometry  compressor. 
Blade  speeds,  axial  velocities,  and  stage  pressure  ratios  were  varied 
systematically  in  over  24  runs  of  the  program  to  establish  acceptable 
design  values  for  the  velocity  diagram  parameters  given  in  Table  VIII. 
Velocity  diagrams  are  shown  in  Figure  79. 

The  annulus  form  for  the  axial  compressor  began  with  a  hub/tip  radius 
ratio  of  0.5,  a  lower  value  than  the  0.6  value  used  for  the  fixed-ge¬ 
ometry  design.  The  mean  radius  tip  speed  was  increased  at  each  rotor 
exit  to  give  a  broken-line  wall  at  both  hub  and  tip  of  the  annulus. 

The  function  of  this  wall  form  is  to  provide  local  streamline  curva¬ 
ture  effects  which  have  in  the  past  produced  efficient  stages.  As 
compared  to  the  fixed- geometry  compressor,  a  higher  shaft  speed  re¬ 
sulted  from  the  decreased  inlet  hub/tip  ratio  and  led  to  smaller  di¬ 
ameters  and  larger  passage  heights  through  the  axial  compressor.  The 
centrifugal  compressor  flow  path  was  made  long  in  the  inducer  section, 
before  the  turn,  in  accord  with  the  philosophy  of  Reference  10. 

The  blade  sections  selected  for  the  variable-stator  compressor  are 
listed  in  Table  IX,  showing  camber  and  stagger  angles  for  each  of  the 
axial  compressor  blade  rows.  Stagger  angles  for  the  inlet  guide  vanes 
and  first  and  second  stators  are  given  for  the  60  percent  and  30  per¬ 
cent  power  conditions  based  on  calculations  described  in  the  section 
on  Compressor  Performance  Prediction. 
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TABLE  VIII.  VARIABLE -STATOR  COMPRESSOR  PRELIMINARY  DESIGN  MEAN 


RADIUS  VELOCITY  DIAGRAM  PAT«l  AT  THREE  POWER  LEVELS 


Transonic 

Axial 

Centrifugal 

Stage 

1 

Stage  2 

Stage 

Blade  Row 

IGV 

Rotor 

Stator 

Rotor 

Stat  or 

Inducer 

Diffuser 

Uj,  ft/sec 

100"/.  power 

- 

1030 

1100 

1100 

112  3 

1125 

2050 

607  power 

- 

966 

1012 

1012 

1035 

1035 

1886 

30 7  power 

- 

840 

880 

880 

900 

900 

1640 

vml,  ft/sec 

1007.  power 

- 

500 

580 

590 

650 

660 

660 

607.  power 

- 

372 

452 

453 

528 

533 

604 

30 7  power 

- 

233 

302 

303 

376 

379 

502 

Ml 

1007  power 

- 

1.06 

0.70 

1.04 

0.70 

1.00 

1.25 

607  power 

- 

0.88 

0.65 

0.88 

0.64 

0.88 

1.20 

307.  power 

- 

0.67 

0.58 

0.69 

0.57 

0.71 

1.08 

®1,  deg 

1007.  power 

0 

64.5 

44.9 

61.8 

43.1 

59.6 

70.6 

6C7.  power 

0 

67.5 

53.1 

64.5 

48.8 

61.6 

70.6 

307.  power 

0 

71.7 

63.1 

68.1 

57.2 

64.6 

71.4 

°2  *  deg 

1007.  power 

0 

41.9 

0 

38.4 

0 

14.9 

- 

607  power 

10 

42.1 

7.5 

39.2 

5 

15.5 

- 

307  power 

30 

43.1 

22.5 

40.0 

15 

16.2 

- 

DeHaller  Number 

j 

1007.  power 

- 

0.67 

0.72 

0.66 

0.74 

- 

Diffusion  Factor 

i 

1007.  power 

- 

0.49 

0.53 

0.49 

0.50 

- 

1 

Subscripts  1  - 

inlet  of 

blade 

row 

i 

2  - 

exit  of 

bl  ade 

row 

m  - 

component  in  meridional  plane 

(axial 

or  radial) 

i 

Symbols  U  -  ’-otor  blade  section  speed 
V  -  air  velocity 
M  -  Mach  number 

*  -  air  angle  measured  from  meridional  plane 
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The  blade  types  are  selected  according  to  the  blade  operating  condi¬ 
tions.  The  inlet  guide  vane  is  given  a  camber  which  enables  it  to 
function  well  at  off-design  conditions, even  though  at  design  conditions 
it  is  required  to  do  no  turning  at  all.  The  NACA  63  section  has  a 
mean  line  with  a  maximum  camber  located  well  forward.  It  is  well  suited 
to  serve  as  an  accelerating,  or  swirl  imparting,  cascade  airfoil  sec¬ 
tion.  The  rotor  blade  sections  are  identified  as  MCA, signifying  mul¬ 
tiple  circular  arc  sections  with  maximum  camber  located  toward  the  rear 
of  the  section.  With  high  inlet  Mach  numbers,  these  blades  have  thin 
profiles.  The  detail  design  of  these  blades  is  performed  with  quasi¬ 
channel  design  methods  which  account  for  intra-blade  work  distribution 
and  blade  blockage  effects.  Reference  3  describes  such  a  method.  The 
stator  blade  sections  have  relatively  low  inlet  Mach  numbers  and  there¬ 
fore  have  circular  arc  mean  lines  and  thicker  subsonic  airfoil  sections, 
capable  of  accommodating  large  variations  of  incidence  angle  which  are 
imposed  as  the  setting  angles  are  varied  to  keep  the  LP  stages  out  of 
stall  over  a  wide  range  of  operating  conditions. 

The  inducer  can  be  designed  by  methods  similar  to  tnose  used  for  de¬ 
signing  transonic  axials,  or  alternatively  by  the  blade-to-blade  veloc¬ 
ity  computation  procedures,  defined  by  Stanitz,  Dallenbach,  Welliver, 
and  others  and  used  for  designing  the  centrifugal  compressor  impellers 
in  recent  years.  One  such  program  is  described  in  detail  by  Welliver 
and  Acurio  in  Reference  15.  The  detail  design  of  the  impeller  is  con¬ 
ceived  to  follow  the  successful  paths  reported  in  References  10  and  11; 
namely,  to  particularly  avoid  separation  of  flow  in  the  impeller,  by 
adding  splitter  blades  to  reduce  loading  and  by  avoiding  a  reduction 
of  meridional  velocity  in  the  radial  flow  region  where  the  radial 
static  pressure  gradient  is  high  due  to  the  rotation  of  flow. 

It  is  conceived  that  the  inducer  is  divided  in  the  rotation  plane  into 
two  parts  with  the  same  number  of  blades  in  each  section.  The  forward 
section  is  rotated  by  a  third  of  a  blade  pitch  in  a  backward  direction 
so  as  to  discharge  its  unseparated  but  thickened  wakes  between  the 
blades  of  the  downstream  inducer  section,  thus  causing  the  start  of 
new,  thin  boundary  layers  at  the  leading  edges  of  the  downstream 
blades.  Success  with  this  approach  was  reported  by  Ball,  Bell,  and 
Mann  in  Reference  14,  though  it  was  abandoned  by  them  for  reasons  of 
cost  and  structural  difficulty.  The  present  application  has  more  to 
gain  from  it  because  of  higher  aerodynamic  loading  requirement  and  may 
present  less  structural  difficulty  because  of  the  relatively  smaller 
blade  span.  Two  other  concepts  discussed  in  Reference  14  are  judged  to  be 
applicable  to  this  detail  design;  namely,  the  introduction  of  splitter 
vanes  in  the  impeller  with  their  leading  edges  placed  so  as  to  divide 
the  channel  flow  evenly  despite  the  nonuniform  blade-to-blade  meridio¬ 
nal  velocity,  and  a  diffuser  with  marked  divergence  in  the  meridional 
plane.  The  passage  height  at  cent'ifugal  impeller  exit  is  0.12.  It 
is  judged  that  the  vaneless  space  should  be  treated  as  a  mixing  region 
with  a  constant  area  on  the  circumferential  surface  at  all  radii.  The 
radius  ratio  from  impeller  exit  to  diffuser  channel  inlet  is  in  the 


order  of  1.06,  as  described  in  reference  10.  The  proportions  of  the 
diffuser  pickup  channel  throat  would  then,  for  26  channels,  be  in  the 
order  of  0.11  by  0.35  inch.  A  divergence  from  the  narrow  dimension 
is  of  great  advantage  in  providing  the  shortest  path  for  accomplishing 
a  given  degree  of  diffusion  or  in  a  given  space  for  giving  the  highest 
degree  of  attainable  diffusion.  The  diffuser  channel  exit  section  is 
either  square  or  circular,  circular  sections  being  preferred  if  feasi¬ 
ble  to  minimize  wetted  areas.  Diffuser  channels  downstream  of  pickup 
sections  are  straight,  and  pickup  leading  edges  are  designed  as  sharp 
wedges  to  facilitate  attachment  of  entering  supersonic  flows. 

Fixed- Geometry  Compressor  Design 


The  fixed-geometry  compressor  structural  design  is  essentially  the 
same  as  the  variable-stator  compressor  design  described  below  except 
for  the  stator  support  system  and  the  compressor  housing.  Figure  77 
depicts  the  arrangement  of  the  fixed-geometry  compressor. 

Like  the  variable-stator  compressor  housing,  the  fixed-geometry  housing 
consists  of  shroud  rings  stacked  axially  and  secured  at  each  stage  by 
a  circumferential  ring  of  bolts.  The  stator  blades  and  rings  are  in¬ 
tegrally  cast  of  corrosion -resistant  steel  in  complete  assemblies.  The 
Inside  shroud  forms  the  stationary  part  of  the  interstage  labyrinth 
seal  for  the  2nd  and  3rd  stages. 

The  "Z"  cross  section  of  the  inner  shroud  provides  axial  stiffness  by 
which  the  diaphragm  can  better  resist  the  pressure  difference  across 
the  stator.  The  outer  shroud  is  bolted  axially  at  the  flanged  joint 
of  the  compressor  housing.  Torque  is  transferred  from  the  stator 
rings  to  the  housing  by  lugs  on  the  rings  that  fit  into  slots  in  the 
housing.  Assembly  of  the  compressor  is  accomplished  in  essentially 
the  same  manner  as  for  the  variable-stator  configuration,  by  stacking 
forward  from  the  centrifugal  impeller,  alternately  installing  rotor 
discs  and  stator  rings. 

This  method  of  constructing  and  assembling  the  stators  is  simple, 
thereby  lowering  the  fabrication  cost. 

Variable-Stator  Compressor  Design 


The  variable-stator  compressor  design  consists  of  two  axial  stages  and 
a  centrifugal  stage  mounted  on  a  single  shaft,  with  a  coaxial  inner 
shaft  through  which  an  aft  power  turbine  drives  a  front  gearbox. 
Variable  blade  setting  angles  are  provided  for  the  IGV  and  the  first- 
and  second-stage  stators.  The  design  of  the  compressor  and  the  general 
engine  configuration  are  shown  on  Figure  78. 

The  compressor  structure  consists  of  housings  with  stator  blades,  flow 
passages,  and  bearing  supports;  of  shafting  with  bearings  and  seals; 
and  of  rotors  with  blades  and  airseals.  The  axial  compressor  housings 
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are  machined  from  aluminum  alloy  castings.  The  stator  blades  are  pre¬ 
cision  cast  of  steel.  The  centrifugal  compressor  shroud  is  machined 
from  a  steel  casting;  steel  is  required  to  retain  adequate  strength  at 
the  elevated  temperatures  of  the  compressor  exit  air.  Slipper  bearings 
carry  the  compressor  shaft,  and  the  coaxial  inner  drive  shaft  is  car¬ 
ried  by  rolling  element  bearings  at  the  ends,  with  an  intermediate 
mtershaft  sleeve  bearing  to  control  power  shaft  vibration  amplitudes. 
Axial  stage  rotor  discs  and  blades  are  integrally  machined  from  tita¬ 
nium  or  steel;  a  detail  design  study  would  evaluate  the  lower  cost  of 
steel  against  the  lighter  weight  of  titanium.  The  centrifugal  impeller 
is  machined  from  titanium. 

The  compressor  is  assembled  by  mounting  the  shaft  in  the  rear  main 
bearing  support  and  then  alternately  stacking  rotors  on  the  shaft  and 
stators  on  the  shroud  until  the  front  main  bearing  support  is  installed 
to  complete  the  assembly.  The  casing  circumferential  flanges  are 
bolted  together;  there  is  no  meridional  split  line  or  flange.  Compared 
to  split  casings,  the  proposed  construction  facilitates  stator  blade 
installation,  controls  rotor  blade  tip  clearances  more  effectively, 
and  provides  a  continuous  airseal  structure. 

The  main  features  of  the  design  are  discussed  below  in  detail,  covering 
in  particular  the  variable  stators,  the  rotors,  the  bearings,  and  the 
shafting . 

The  cast  steel  stator  blades  have  trunnions  on  each  end.  The  outer 
trunnion  extends  through  a  replaceable  bushing  which  is  carried  in  the 
housing  flange.  The  compressor  housing  is  split  circumferentially  at 
the  stator  trunnion  centerline  of  each  stage,  allowing  for  axial 
stacking  of  shroud  sections  during  assembly.  The  flanges  are  bolted 
together  between  stator  trunnions.  The  stators  are  actuated  by  cir¬ 
cumferential  unison  rings  with  small  trunnions  which  fit  into  small 
flexible  bell  cranks  extending  from  each  stator  trunnion.  The  bell 
cranks  provide  enough  flexibility  to  deflect  out -of -plane  during  actua¬ 
tion,  due  to  the  unison  ring  travelling  in  a  cylindrical  plane  and  the 
bell  crank  turning  in  a  flat  plane.  The  stator  inner  trunnion  passes 
through  a  hole  in  a  ring  which  forms  the  annulus  hub  wall  and  extends 
to  lower  radius  to  form  the  airseal  shroud  ring. 

The  rotors  are  splined  to  the  shaft  for  transmission  of  torque,  and 
the  splines  are  located  in  the  part  of  the  disc  which  is  most  deformed 
under  centrifugal  loading  at  high  speed.  Concentricity  is  maintained 
at  all  speeds  by  locating  disc  bore  pilot  diameters  at  the  ends  of  the 
bore,  away  from  the  radial  growth  region.  The  airseal  rotors  are 
clamped  between  the  bladed  rotors  and  need  not  be  keyed  to  the  shaft. 
Each  labyrinth  seal  rotor  has  four  lands. 

The  shafting  layout  of  the  complete  engine  is  shown  in  Figure  78.  The 
major  rotating  components  are  (a)  the  compressor  driven  by  (b)  the  gas 
generator  turbine,  and  (c)  the  free  power  turbine  driving  a  gearbox 
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through  the  coaxial  inner  shaft.  Straddle  bearings  are  provided  for 
the  compressor  and  the  power  turbine,  with  high  critical  speeds  and 
good  control  of  blade  tip  clearances.  The  gas  generator  turbine  is 
supported  at  the  rear  by  a  bearing  and  at  the  front  by  the  compressor 
shaft  through  a  spherical-seated  coupling,  which  avoids  the  redundancy 
of  a  three-bearing  system;  a  similar  coupling  is  used  successfully  in 
the  J65  engine  for  the  same  purpose. 

The  size  and  speed  of  the  gas  generator  shaft  require  the  use  of  spe¬ 
cial  bearings.  At  60,000  RPM, a  DN  value  of  2.9  million  would  result, 
a  value  considered  excessive  for  rolling-element  bearings.  Therefore, 
a  floating  sleeve  or  slipper  type  of  bearing  was  selected  for  the 
outer  shaft.  This  bearing  type  has  two  advantages:  first,  it  can  op¬ 
erate  at  high  surface  speeds  (500  ft/sec);  and  second,  it  has  suffi¬ 
cient  running  clearances  to  allow  a  well  balanced  wheel  to  spin  about 
its  mass  center  of  gravity,  thus  lowering  the  vibratory  forces  trans¬ 
mitted  to  the  support. 

The  power  turbine  is  straddle  supported  on  rolling-element  bearings 
with  the  rear  bearing  taking  the  thrust.  The  thrust  bearing  DH  value 
is  1.2  million,  a  value  well  within  the  state  of  the  art.  The  front 
of  the  shaft  is  supported  by  a  ball  bearing  via  struts  through  the  air 
passage.  A  floating  sleeve  bearing  is  installed  between  the  two  con¬ 
centric  shafts,  to  force  a  node  on  the  inner  shaft  and,  thereby,  in¬ 
crease  the  critical  speed.  The  compressor  and  power  turbines  can 
probably  be  designed  to  operate  well  below  the  first  critical  speed, 
principally  due  to  the  closely  supported  straddle  mounting  of  these 
two  components.  There  are  other  contributing  factors;  for  example, 
the  critical  speed  with  compressor  rotors  made  of  steel  was  calculated 
as  101,000  RPM,  but  for  rotors  made  of  lighter  titanium  it  was 
138,000  RPM. 

However,  the  compressor  turbine  and  the  long  power  turbine  shaft  first 
mode  critical  speeds  will  be  below  the  maximum  operating  speed.  It  is 
possible  and  desirable  to  design  the  shafting  in  these  cases  with  the 
first  critical  in  the  lower  half  of  the  speed  range  and  the  second 
critical  above  the  maximum  operating  speed.  This  allows  rapid  ac¬ 
celeration  through  the  first  critical  speed  and  thus  prevents  a  buildup 
of  excessive  vibratory  amplitude.  The  floating  intershaft  sleeve  bear¬ 
ing  near  the  middle  of  the  long  power  turbine  shaft  would  tend  to 
force  a  partial  node  at  this  location  and  prevent  excessive  amplitude 
buildup.  Lubrication  to  this  bearing  can  be  provided  through  the  inner 
shaft  and  out  through  holes  to  the  inside  diameter  of  the  sleeve. 
Scavenge  is  to  the  same  cavity  as  the  rear  compressor  bearing. 
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COMPRESSOR  PERFORMANCE  PREDICTION 


Performance  predictions  for  both  the  fixed-geometry  compressor  and  the 
variable-stator  compressor  were  producrd  on  an  overall  basis  by  stage 
matching  procedures.  The  considerations  and  methods  involved  in  these 
matches  are  discussed  at  length  previously  in  the  section  entitled  Preliminary 
Design  under  topics  entitled  Compressor  Characteristics  and  Preliminary 
Design.  Further  analysis  of  the  off-design  performance  for  the  variable - 
stator  compressor  was  performed  using  the  mean-line  mapping  program  and  is 
detailed  here. 

Fixed -Geometry  Compressor  Performance 


The  predicted  overall  performance  for  the  fixed -geometry  compressor  is 
plotted  in  Figure  52.  This  map  shows  the  total  pressure  ratio  and  adia¬ 
batic  efficiency  values  for  inlet-corrected  constant  speed  lines  plotted 
against  inlet -corrected  airflow.  Operating  points  are  shown  for  the  pre¬ 
liminary  compressor/engine  matching  at  100  percent,  60  percent,  and  30 
percent  power.  This  performance  map  was  used  for  predicting  engine  per¬ 
formance  in  the  study  described  above  in  the  section  entitled  Power  Turbine 
Flow  Area,  which  showed  that  fixed  turbine  area  gave  better  performance 
than  variable  area.  The  map  was  also  used  in  predicting  engine  performance 
reported  below  in  the  section  entitled  Engine  Performance  Prediction,  with 
the  operating  line  shown  in  Figure  80. 

Variable -Stator  Compressor  Performance 

The  predicted  overall  performance  for  the  variable  stator  compressor  is 
plotted  in  Figure  55.  The  performance  map  shows  the  total  pressure  ratio 
and  adiabatic  efficiency  values  for  inlet-corrected  constant  speed  lines 
plotted  against  inlet-corrected  airflow.  Engine  operating  points  for  100 
percent,  60  percent,  and  30  percent  power  are  shown  based  on  the  prelimi¬ 
nary  matching.  The  map  was  used  in  predicting  engine  performance  presented 
below  in  the  section  entitled  Engine  Performance  Prediction,  and  the  re¬ 
sulting  engine  operating  line  is  shown  in  Figure  81. 

Performance  for  the  variable- stator  compressor  was  predicted  at  approximate 
60  percent  and  30  percent  power  points  by  the  use  of  the  mean-line  mapping 
program  in  order  to  determine  the  kind  of  off-design  stator  angle  re¬ 
staggers  that  would  be  expected  to  be  required.  This  work  was  carried  on 
concurrently  with  the  engine  performance  prediction,  and  the  results  of 
that  work  were  not  available  to  define  the  60  percent  and  30  percent  power 
operating  conditions.  Therefore,  the  operating  conditions  were  taken  to  be 
the  values  shown  on  Figure  55,  based  on  the  initial  compressor/engine 
matching  studies.  The  predicted  speed  lines  and  the  operating  points  are 
shown  in  comparison  with  the  basic  map  in  Figure  82. 

The  procedure  for  defining  the  speed  lines  used  the  design  parameters  es¬ 
tablished  at  the  military  rated  design  point,  with  variation  of  speed 
and  setting  angles  in  the  axial  stages.  A  pattern  of  setting  angles  was 


137 


*  •  100*  Power 
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Figure  80.  Fixed-Geometry  Compressor  Performance  Map  With  Engine  Operating  Line  Superimposed 
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Figure  81.  Variable-Stator  Compressor  Performance  Map  With  Engine 
Operating  Line  Superimposed. 
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Total  Pressure  Ratio  Percent 


Figure  82.  Variable-Stator  Compressor  Off-Design  Performance  Prediction 
Based  on  Mean-Line  Mapping  Program  Compared  With  Overall 
Performance . 
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developed  in  an  earlier  study,  where  it  was  found  to  be  the  best  of  a  num¬ 
ber  of  various  patterns  tried,  and  was  used  exclusively  here.  The  first 
stator  restagger  was  75  percent  of  the  IGV  restagger  and  the  second  stator 
restagger  was  half  of  the  IGV  restagger. 

For  the  30  percent  power  point,  a  speed  was  selected  and  several  speed 
lines  were  run  in  tue  mean-line  mapping  program  at  various  restagger 
levels  until  a  restagger  level  was  found  which  passed  a  line  close  to  the 
desired  operating  point.  Data  from  the  line  point  nearest  to  the  desired 
one  were  examined  to  determine  whether  the  incidence  angles  were  low  at 
the  axial  stages  and  the  inducer.  Then  another  speed  was  chosen, and  a  new 
set  of  stagger  values  was  found,  as  described  above,  resulting  in  a  new 
data  point  close  to  the  desired  point.  The  pattern  of  incidence  angles 
was  again  examined  and  compared  with  those  of  the  previous  speed,  and  in 
this  manner  a  speed  and  stagger  angle  combination  was  found  which  mini¬ 
mized  the  incidence  angles.  This  was  selected  as  the  preliminary  oper¬ 
ating  point  for  the  30  percent  power  point. 

The  same  process  was  carried  out  with  different  speeds  and  staggers  to  es¬ 
tablish  the  preliminary  operating  point  for  the  60  percent  power  operating 
point. 

The  results  of  the  off-design  performance  calculations  appear  as  velocity 
diagrams  for  60  percent  and  30  percent  power  in  Figures  83  and  84;  as 
lists  of  incidence  angle,  inlet  Mach  number,  blade  row  pressure  recovery, 
stage  pressure  ratio,  and  stage  efficiency  in  Table  X, comparing  values  at 
the  three  power  levels;  as  lists  of  velocity  diagram  parameter  blade  speed, 
meridional  velocity,  and  inlet  and  outlet  angles  in  Table  VIII  ,  comparing 
values  at  three  power  levels;  and  as  lists  of  stator  blade  stagger  angles 
for  the  three  power  levels  in  Table  IX. 
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Figure  83.  Variable-Geomet 
Military  Power 
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TABLE  X.  VARIABLE- STATOR  COMPRESSOR  BLADE  INCIDENCE  ANGLES,  INLET  MACH 
NUMBER,  AND  PRESSURE  RECOVERIES  AT  THREE  POWER  LEVELS 


Transonic  Axial 


Blade  Row 

Stage 

1 

Stage  2 

Centrifugal 

Stage 

IGV 

Rotor 

Stator 

Rotor 

Stator 

Inducer 

Diffuser 

Incidence  Angle, 

deg 

1007.  power 

-9 

0 

0 

0 

0 

0 

-.1 

60°.  power 

+1 

0.5 

0.4 

2.2 

0.4 

1.5 

-.1 

30%  power 

+21 

3.8 

-5.0 

4.8 

-1.6 

3.7 

0.7 

Inlet  Mach  Number 

1007.  power 

- 

1.06 

0.70 

1.04 

0.70 

1.00 

1.25 

607.  power 

- 

0.88 

0.65 

0.88 

0.64 

0.88 

1.20 

307.  power 

- 

0.67 

0.58 

0.69 

0.57 

0.71 

1.08 

Pressure  Recovery 

1007.  power 

- 

0.931 

0.978 

0.945 

0.978 

0.824 

0.917 

60%  power 

- 

0.955 

0.981 

0.958 

0.981 

0.840 

0.923 

307.  power 

- 

0.971 

0.983 

0.973 

0.984 

0.864 

0.930 

Pressure  Ratio 

1007.  power 

1.72 

1.66 

6.68 

60%  power 

1.63 

1.55 

5.54 

307.  power 

1.46 

1.41 

4.14 

Efficiency,  % 

1007.  power 

82 

86 

83.5 

60%  power 

86 

87 

83.8 

30%,  power 

88 

88 

84 
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ENGINE  PERFORMANCE  PREDICTION 


In  order  to  establish  a  higher  confidence  level  in  the  preliminary  designs 
presented  for  (a)  a  moderate-pressure-ratio  (12:1)  fixed-geometry  compres¬ 
sor  and  (b)  a  high-pressure-ratio  (19:1)  variable-stator  compressor,  off- 
design  (matched)  engine  performance  was  predicted  from  100  percent  to  20 
percent  military  power.  These  performance  predictions  were  obtained  with 
a  rather  sophisticated  computer  program,  in  which  the  performance  charac¬ 
teristics  of  all  engine  components  are  introduced  in  tabular  form,  and  a 
series  of  iterative  calculations  is  performed  to  satisfy  the  fundamental 
relationships  of  flow  continuity  and  total  energy  conservation  of  the  work¬ 
ing  medium  with  varying  gas  properties  as  it  passes  through  the  engine.  In 
this  manner,  any  off -design  operational  problem  areas  are  uncovered  at  this 
early  stage  of  design. 

Performance  Results 


The  significant  matched  engine  performance  for  the  two  engine  cycles,  in 
corporating  the  fixed-geometry  and  variable  stator  compressor  configura¬ 
tions  described  earlier,  is  tabulated  below: 


TABLE  XI.  SINGLE -SPOOL  TURBOSHAFT  PERFORMANCE  COMPARISON  - 
_ SEA  LEVEL  STATIC.  STANDARD  DAY _ 

(Turbine  Inlet  Temperature  at  Military  =  2500°F) 

(100%  Power  Turbine  Speed  -  Except  as  Noted) 


Fixed-Geometry  Variable-Stator 

Compressor  Compressor 


1007. 

Mil. 

60% 

Mil. 

30% 

Mil. 

100% 

60% 

30% 

Brake  Specific  Fuel  Cons . 
lb/SHP/hr 

.454 

.504 

.632* 

.408 

.451 

.540* 

Compressor  Pressure  Ratio 

Vp  2 

11.8 

9.1 

6.6 

19.2 

14.6 

10.6 

Turbine  Inlet  Temperature 

T.  °F 

4 

2500 

2100 

1820 

2500 

2160 

1810 

Compressor  Adiabatic 
Efficiency  *1^  % 

79.5 

81.3 

78.3 

80.3 

80.6 

80.2 

Gas  Generator  Speed 

N  7 

GG 

100 

89.6 

82.2 

100 

93.3 

85.9 

Compressor  Airflow 

W  J  g  ,,  lb/sec 

3  i- 

4.42 

3.65 

2.83 

4.47 

3.59 

2.81 

Shaft  Horsepower 

SHP  hp 

976 

586 

293 

1000 

600 

300 

*Power  Turbine  Speed  =  807. 
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1.  A  single-spool  nonrogcncrative  turboshaft  engine  with  (a)  BSFC 

=  .451  1 b/SHP/hr  at  60  percent  of  military  power,  (b)  1000  SUP  at 
2500°F  military  rated  turbine  inlet  temperature,  4.47  lb/sec  air¬ 
flow,  and  (c)  BSFC  =  .54  lb/SUP/hr  at  30  percent  power,  is  feasible, 
using  a  two- transonic  stage  and  one-centrifugal-stage  compressor 
with  variable  axial  stators  capable  of  19.2  P/P  and  80.3  perc  ;i' 
adiabatic  efficiency  at  military. 

2.  This  engine  will  have  a  10  percent  lower  BSFC  at  60  percent  power 
and  a  15  percent  lower  BSFC  at  30  percent  power  than  a  similar 
engine  using  a  two-transonic  stage  and  one-centrifugal  stage  com¬ 
pressor  with  fixed  axial  stators  capable  of  11.8  P/P  and  79.5  per¬ 
cent  adiabatic  efficiency  at  military. 

3.  There  appear  to  be  no  foreseeable  operational  problems  associated 
with  either  engine  cycle  with  regard  to: 

a.  High-speed  compressor  surge 

b.  Low-speed  compressor  surge 

c.  The  need  for  variable  turbine  geometry 

The  part-load  specific  fuel  consumption  versus  percentage  of  power  for 
both  engines  is  presented  in  Figures  85  and  86;  power  turbine  operation 
at  and  near  100  percent  speed  produces  minimum  BSFC  from  military  to  60 
percent  power.  At  30  percent  power,  minimum  BSFC  occurs  between  70  per¬ 
cent  and  80  percent  power  turbine  speed.  This  condition  is  discussed 
later . 

Component  Characteristics  at  Part-Load 


The  major  components  for  which  part-load  performance  characteristics  wire 
assumed  are: 

1.  Overall  Compressor 

2.  Combustor 

3.  Compressor  Turbine  (with  air  cooling) 

4.  Power  Turbine  (uncooled) 

In  addition,  the  following  component  assumptions  were  made: 

5.  Inlet  Diffuser  -  100  percent  total  pressure  recovery 

6.  Lower  Heating  Value  of  Fuel  -  18,400  Btu/lb 

7.  Gasifier  Shaft  Mechanical  Efficiency  -  99  percent 
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8.  Power  Turbine  and  Output  Shaft  Mechanical  Efficiency  -  99  percent 

9.  Seal  Leakage  and  Overboard  Bleed  -  0  percent 

10.  Inter-Turbine  (Compressor  Turbine  to  Power  Turbine)  Pressure 
Loss  -  0  percent 

11.  Power  Turbine  Exit  Total  Pressure  to  Ambient  -  1.030  @  military, 
1.007  @  20  percent  military 

12.  Compressor  Turbine  1st  Stator  Cooling  Air  -  4  percent  of  compressor 
airflow  discharged  and  mixed  upstream  of  1st  turbine  rotor  to  do 
work  in  turbine. 

13.  Compressor  Turbine  Rotor  Cooling  Air  -  3  percent  of  compressor 
airflow  discharged  and  mixed  downstream  of  last  turbine  blade  row 
to  do  no  work  in  turbine. 

Overall  Compressor 


The  predicted  overall  compressor  characteristics  with  engine  operating 
line  superimposed  are  presented  in  Figure  81  for  the  variable -stator 
compressor.  It  can  be  seen  that  the  engine  operating  line  for  part 
load  passes  directly  through  the  large  80  percent  adiabatic  efficiency 
island.  Adequate  surge  margin  at  both  the  high-  and  the  low-speed 
regions  is  readily  apparent.  The  60  percent  power  operating  point  is 
located  at  14.6  P/P,  80.6  percent  adiabatic  efficiency,  3.59  lb/sec 
(80.3  percent  of  military)  airflow,  and  93.3  percent  speed.  The  re¬ 
quired  turbine  inlet  temperature  is  2160°F,  within  the  range  of  2100°F 
to  2200rF  used  in  the  cycle  analysis  and  preliminary  matching  studies. 
The  acceleration  characteristics  of  the  engine  with  this  compressor 
are  judged  to  be  excellent  due  to  the  high  cruise  speed  levels  and 
large  surge  margin. 

The  same  type  of  presentation  is  made  in  Figure  80  for  the  fixed- 
geometry  compressor  with  engine  operating  line  superimposed.  In  this 
case,  the  part-load  engine  operation  from  100  percent  to  30  percent 
power  is  also  within  the  80  percent  adiabatic  efficiency  island  with 
60  percent  power  occurring  near  the  peak  efficiency  of  82.6  percent. 
Adequate  high- and  low-speed  surge  margin  is  also  evident.  The  60  per¬ 
cent  power  operating  point  is  located  at  9.1  P/P,  81.3  percent  effi¬ 
ciency,  3.65  lb/sec  (82.6  percent  of  military)  airflow, and  89.6  percent 
speed.  All  these  characteristics  with  the  exception  of  efficiency  and 
airflow  are  lower  than  described  above  for  the  variable-stator  com¬ 
pressor,  and  contribute  to  the  10  percent  higher  engine  specific  fuel 
consumption.  The  acceleration  potential  of  an  engine  with  these 
compressor  characteristics  is  judged  to  be  good. 

A  comparison  of  the  compressor  airflow  and  speed  variation  with  output 
shaft  horsepower  for  the  fixed-geometry  and  variable-stator  compres¬ 
sors  is  presented  in  Figure  87.  The  application  of  variable  stators 
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Shaft  Horsepower,  SUP,  Percent  of  Military  Rated 


Figure  87.  Comparison  of  Fixed -Geometry  Compressor  with  Var iab le- Stator 

Compressor  for  Gas  Generator  Airflow  and  Speed  Characteristics 
at  Power  Turbine  10U  .  Speed  and  Sea  Level  Static  Conditions. 
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is  seen  to  (1)  reduce  airflow  and  (2)  increase  speed  at  the  60  percent 
power  level.  The  airflow  reduction  is  basically  d  tj  to  engine  matching 
of  the  almost  constant  efficiency  compressor.  The  speed  increase,  on 
the  other  hand,  is  accomplished  by  the  variable-stator  airflow  modulat¬ 
ing  characteristics. 

Combustor 

Realistic  performance  characteristics  terms  of  combustion  effi¬ 

ciency  and  burner  pressure  drop,  for  typical  annular  combustor  were 
incorporated  in  the  off-design  (matched)  engine  performance  prediction 
program.  However,  the  combustion  efficiency  remained  essentially 
constant  at  99  percent,  and  the  total  pressure  recovery  varied  only 
slightly  from  96  percent  at  military  power  to  95  percent  at  20  percent 
power  due  to  the  small  variation  in  inlet  velocity  and  burner  tempera¬ 
ture  rise. 

Compressor  Turbine 


The  off-design  performance  characteristics  of  this  component  were 
scaled  from  a  typical  fixed-geometry  two-stage  compressor  turbine.  The 
variation  of  adiabatic  efficiency  from  the  assumed  design  value  of  85 
percent  is  shown  to  be  less  than  1.0  percent  from  military  to  20  per¬ 
cent  power  in  Figures  88  and  89  for  the  two  different  compressor- 
configured  engine  cycles.  The  flow  characteristics  were  for  choked 
flow  over  the  engine  operating  range  investigated.  The  turbine  cooling 
air  treatment  described  previously  is  representative  of  this  contrac¬ 
tor's  experience  with  transpiration  cooled  blades  and  is  consistent 
with  the  turbine  efficiency  definition  used  in  the  compressor  to  tur¬ 
bine  power  balance. 

Power  Turbine 


The  off-design  power  turbine  flow  and  work  characteristics  were  also 
scaled  from  a  typical  fixed  geometry  uncooled  two-stage  power  turbine 
map.  These  characteristics  are  piesented  in  Figure  90,  with  engine 
operating  lines  of  70  percent,  80  percent,  90  percent,  and  100  percent 
actual  power  turbine  speeds  superimposed.  It  can  be  seen  from  the  map 
and  from  the  curves  at  the  bottom  of  Figures  88  and  89  that  the  power 
turbine  efficiency  with  100  percent  speed  remains  near  the  peak  value 
of  85  percent  as  power  is  reduced  from  100  percent  to  60  percent  mili¬ 
tary  rated.  Below  this  power  level,  the  output  shaft  speed  (free  power 
turbine  RPM)  should  be  reduced  slightly  to  80  percent  at  30  percent 
power  to  maintain  peak  efficiency  and  minimum  engine  specific  fuel 
consumption . 

Advancement  Potential 


In  the  initial  Engine  Cycle  Analysis  section  above, it  is  noted  that 
tentative  optimum  pressure  ratio  values  for  30  percent  and  60  percent 
power  were  16:1  and  17:1  respectively.  The  variable  stator  compressor 
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Turbine  Adiabatic  Turbine  Inlet  Temperature  Compressor  Pressure  Compressor  Adiabatic 

Efficiency  V  t ,  Percent  ^4,  °F  Ratio  P_/P2  Efficiency  1)  ,  7. 


Shaft  Horsepower,  SHP,  Percent  of  Military  Rated 


Figure  88.  Variable-Stator  Compressor  Turboshaft  Engine  Part-Load 
Performance  Characteristics  at  1007«  Power  Turbine 
Speed  at  Sea  Level  Standard  Day. 


152 


Turbine  Turbine  Inlet  Temp.  Compressor  Pressure  Ratio  Compressoi 

Adiabatic  Ta,  °F  ^7^7  Adiabatic 


20  40  60  80  100 


Shaft  Horsepower,  SHP,  Percent  of  Military  Rated 

Figure  89.  Fixed -Geometry  Compressor  Turboshaft  Engine  Part-Load 
Performance  Characteristics  at  1007,  Power  Turbine 
Speed  at  Sea  Level  Standard  Day. 


Weight  Flow  Parameter,  W$  Percent  Npx/P^ 
lb /sec  x  7o  RPM/in.Hga 


Figure  90.  Power  Turbine  Performance  Characteristics  With  Superimposed 
Engine  Operating  Lines  for  Variable-Stator  Compressor 
Turboshaft  Engine. 
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engine  operates  at  corresponding  pressure  ratio  values  of  10.6:1  and 
14.6:1  as  ^hown  in  Table  XI.  It  is  of  interest  to  explore  the  impli¬ 
cations  of  these  differences  in  respect  to  fuel  consumption  and  mili¬ 
tary  rated  pressure  ratio.  For  30  percent  power,  using  Figure  3, 
cycle  performance  at  1900°F  and  85  percent  turbine  efficiency,  the 
corresponding  fuel  consumptions  are  .435  and  .452,  for  a  decrease  of 
4  percent  between  the  selected  cycle  and  the  tentative  optimum.  For 
60  percent  power,  using  Figure  5,  cycle  performance  at  2100°F  and  35 
percent  turbine  efficiency,  the  corresponding  fuel  consumptions  are 
.405  and  .400  for  a  potential  decrease  of  about  1  percent.  The  poten¬ 
tial  values  can  be  calculated  as  fractions  of  values  given  in  Table  XI, 
thus  at  30  percent  power  the  potential  specific  fuel  consumption  would 
be  .52,  and  at  60  percent  power  it  would  be  .445. 

Assuming  that  military  power  pressure  ratio  and  part-load  pressure  ra¬ 
tios  would  be  in  the  same  proportions,  the  optimum  compressor  for  30 
percent  load  would  have  a  30:1  pressure  ratio  at  military  power,  and 
the  optimum  compressor  for  60  percent  load  would  have  a  22.5:1  pres¬ 
sure  ratio,  compared  to  the  19.2:1  value  of  the  selected  compressor. 

The  desirability  of  these  performance  gains  must  be  weighed  against 
the  increased  risk  and  increased  complexity  associated  with  the  in¬ 
creased  pressure  ratios. 
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CONCLUSIONS 


The  following  conclusions  were  reached  in  the  study  of  a  front-drive  free 
power  turbine  engine  with  fixed  gas  generator  turbine  geometry  and  2500°F 
turbine  inlet  temperature  at  military  rated  power. 

1.  The  compressor,  to  be  developed  with  high  confidence  in  three 
years,  incorporates  two  transonic  axial  stages  with  variable  set¬ 
ting  angles  in  IGV  and  stators  and  a  centrifugal  stage  in  a  single 
spool.  At  60  percent  power,  the  engine  fitted  with  this  compressor 
operates  at  a  pressure  ratio  of  14.6:1,  a  turbine  inlet  temperature 
of  2160°F,  and  a  specific  fuel  consumption  of  0.45.  The  pressure 
ratio  at  military  rated  power  is  19.2:1. 

2.  Minimum  60  percent  and  30  percent  power  fuel  consumption  would  be 
obtained  at  pressure  ratios  of  about  17:1  and  16:1  respectively. 

The  specific  fuel  consumption  for  these  cycles  is  lower  by  about 

1  percent  and  4  percent  respectively  than  that  associated  with  the 
selected  compressor,  but  military  pressure  ratios  are  increased  to 
23:1  and  30:1  respectively.  The  higher  pressure  ratios  require 
additional  compressor  stages  and/or  a  decrease  in  development  con¬ 
fidence. 

3.  No  advantage  in  part-load  fuel  consumption  is  attainable  by  accept¬ 
ing  significant  increases  of  military  rated  power  fuel  consumption. 
Conversely,  for  a  given  cycle  pressure  ratio,  a  high  efficiency  at 
military  rated  power  favors  low  specific  fuel  consumption  at  part¬ 
load  operating  conditions. 

4.  The  avoidance  of  part-power  compressor  stall  and  surge  in  high- 
pressure-ratio  (near  20: 1)  compressors  requires  variable  compressor 
geometry.  Either  two-spool  or  variable-stator  compressors  provide 
satisfactory  modes  of  geometry  variation. 

5.  A  front-drive  engine  with  two-spool  compressor  presents  develop¬ 
mental  obstacles  associated  with  shaft  vibration  critical  speeds. 
The  related  difficulties  favored  the  selection  of  a  single-spool 
variable-stator  compressor  for  a  development  program. 

6.  Variable  axial  compressor  stators  are  necessary  and  probably  suf¬ 
ficient  for  obtaining  the  necessary  compressor  matching  effects . 
Variable  inlet  guide  vanes  alone  are  not  sufficient,  and  variable 
centrifugal  diffuser  vanes  are  not  necessary. 

7.  A  two-stage  transonic  nxial  compressor  offers  advantages  in  ef¬ 
ficiency  and  performance  range  over  a  supersonic  stage.  These 
advantages  depend  in  part  on  a  superior  capability  of  the  transonic 
stage  to  accommodate  variations  of  flow  by  means  of  variable-stator 
setting  angles. 
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RECOMMENDATIONS 


A  three-year  experimental  program  should  be  undertaken  to  develop  the  vari¬ 
able-stator  axial-centrifugal  compressor  described  herein,  including  the 
following  phases: 

1.  Final  aerodyanmic  and  structural  design,  including  detailed  inves¬ 
tigation  of  operating  conditions  at  60  percent,  30  percent,  and 
100  percent  power  operating  points  defined  herein. 

2.  Experimental  development  of  the  variable-stator  axial  compressor 

to  produce  high  efficiency  at  the  required  flow  and  pressure  ratio, 
to  develop  the  required  part-speed  flow  range  by  means  of  variable 
IGV  and  stator  setting  angles,  and,  finally,  to  define  the  perform¬ 
ance  in  terms  of  both  inlet-corrected  and  outlet-corrected  flow 
and  speed  parameters . 

3.  Experimental  development  of  the  centrifugal  compressor  with  a  high 
inlet  hub/tip  radius  ratio  to  produce  high  efficiency  at  required 
flew  and  pressure  ratio  and  to  define  performance  in  terms  of 
inlet-corrected  flow  and  speed  parameters. 

4.  Analytic  investigation  of  component  matching  concurrently  with 
component  development  to  verify  that  components  are  compatible  and 
to  predict  design  and  off -design  performance  of  the  combination. 

5.  Experimental  investigation  of  the  complete  axial-centrifugal  com¬ 
pressor  with  evaluation  of  the  matching  characteristics. 
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GLOSSARY 


camber 


DeHaller  number 


diffusion  factor 


DN 


HP 

LP 


plus 


power- limited 


PW-G 


RF-2 


solidity 


a  blading  parameter,  either  10  times  the  nominal 
lift  coefficient  of  the  prototype  wing  section  or 
the  angular  difference  between  tangents  to  section 
mean  lines  at  lending  and  trailing  edges. 

an  aerodynamic  loading  parameter,  the  ratio  of 
blade  row  outlet  to  inlet  relative  velocity. 

an  aerodynamic  loading  parameter,  the  value  of  the 
equation: 

1  -  VV1  +  ^lean  -  V2ta„>'2  V1  s‘>lldlt>' 

a  bearing  limit  parameter,  the  product  of  shaft 
speed  in  RPM  and  the  bearing  inside  diameter  in 
millimeters . 

high-pressure  compressor,  always  a  single-stage 
centrifugal  compressor. 

low-pressure  compressor,  an  axial  compressor  of  one 
or  two  stages . 

in  the  description  of  a  multistage  compressor,  e.g., 
supersonic  plus  centrifugal,  plus  indicates  that 
the  first-named  stage  is  the  inlet  stage  and  that 
it  discharges  flow  to  the  next  named  stage. 

indicates  that  engine  power  at  2500°F  burner  tem¬ 
perature  is  the  decisive  factor  in  establishing 
optimum  performance,  rather  than  some  other  limit 
such  as  maximum  cycle  pressure  or  compressor  tip 
speed,  Appendix  II  treats  this  topic  in  more 
detail . 

a  centrifugal  compressor  stage  with  high  efficiency 
and  pressure  ratio  about  6:1,  from  data  in  Refer¬ 
ence  11.  Performance  is  given  in  Figure  36. 

a  centriiugal  compressor  stage  with  pressure  ratio 
near  10:1  and  efficiency  raised  from  test  values 
given  in  Reference  10.  Performance  given  in  Fig¬ 
ure  37 

a  blading  parameter,  the  ratio  of  blade  section 
chord  length  to  spacing  between  blades. 
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IT 
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a  blading  parameter,  the  angle  between  the  section 
chord  line  and  the  compressor  shaft  centerline. 

a  supersonic  axial  compressor  stage  with  pressure 
ratio  near  3  and  efficiency  raised  from  test  values 
given  in  Reference  8.  Performance  given  in  Fig¬ 
ure  32. 

a  two-stage  axial  compressor  based  on  stage  S  above 
and  a  hypothetical  transonic  stage.  Performance 
given  in  Figure  34. 

a  two-stage  transonic  axial  compressor  with  pres¬ 
sure  ratio  near  3  and  efficiency  raised  from  test 
values  given  in  Reference  12.  Performance  given 
in  Figure  33. 

a  centrifugal  stage  with  scroll  collector  from 
Curtiss-Wright  unpublished  data  on  test  of  impeller 
plus  vaneless  space  and  efficiency  reduced.  Per¬ 
formance  given  in  Figure  35. 


lol 


L 


APPENDIX  I 

LP/HP  COMPRESSOR  MATCHING  PROCEDURES 


The  compressor  matching  procedure  combines  the  performance  characteristics 
of  a  low-pressure  compressor  (called  LP)  and  a  high-pressure  compressor 
(called  HP)  to  define  the  overall  performance  of  the  assembled  configura¬ 
tion.  The  performance  data  is  processed  into  a  form  suitable  for  matching 
studies,  following  which  one  of  the  compressors  is  scaled  to  produce  a  de¬ 
sirable  match.  The  overall  performance  is  then  computed. 

The  LP  compressor  takes  air  at  ambient  conditions,  compresses  it,  and  de¬ 
livers  it  to  the  HP  compressor,  which  then  further  compresses  the  air  and 
delivers  it  to  a  receiver.  In  a  gas  turbine  engine, the  receiver  is  a  com¬ 
bustor  or  a  regenerator  heat  exchanger.  In  a  test  rig, the  receiver  is  a 
throttlable  collecting  chamber. 

PROCESSING  PERFORMANCE  DATA  FOR  MATCHING 

The  point  of  LP  discharge  and  HP  intake  is  the  interface  point.  It  is  as¬ 
sumed  in  the  present  case  that  there  is  no  cooling  or  pressure  drop  between 
stages;  any  deviations  from  this  assumption  are  accounted  for  in  the  LP 
performance  data.  Bleed  at  the  interface  point  is  a  recognized  possibility. 
The  law  of  continuity  requires  that  flow  leaving  the  LP  must  be  admitted  by 
the  HP  or  bled  off  at  the  interface  point.  There  are  no  changes  of  pres¬ 
sure  or  temperatures,  therefore, 

>LP  exit  ‘  <U-/e7S)Hp  lnUt  +  BLOOD 

where  BLOOD  is  the  bleed  flow.  For  single-shaft  compressors, the  shaft 
speeds  of  both  compressors  are  identical  and  there  are  no  changes  of  tem¬ 
perature,  therefore. 


(N / ■>/§"") Lp  exlt  (n/>/T)hp  inlet 

The  two  equations  written  above  dictate  terms  according  to  which  the  test 
data  must  be  used  for  the  stage  matching  procedure.  The  match  is  defined 
in  terms  of  interface  corrected  airflow  and  speed  in  Figure  91  for  a 
typical  LP  compressor  and  in  Figure  92  for  a  typical  HP  compressor.  In 
Figure  91  exit  corrected  speeds  are  plotted  against  exit  corrected  flows. 
The  constant  speed  lines  represent  constant  inlet  corrected  speeds,  and  the 
stall  line  passes  through  the  lowest  corrected  airflow  points  of  each  line. 
In  Figure  92,  inlet  corrected  speeds  are  plotted  against  inlet  corrected 
flows.  The  speed  lines  represent  constant  inlet  corrected  speed,  and  the 
stall  line  passes  through  the  lowest  corrected  airflow  points  of  each.  The 
choke  line  passes  through  the  highest  corrected  airflow  points  of  the  HP 
map . 

The  definition  of  compressor  element  performance  utilizes  corrected  en¬ 
thalpy  values,  as  follows: 
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Figure  92.  Typical  HP  Compressor  Matching  Base  Data,  PW-G  Centrifugal 
Stage,  Corrected  Speed. 
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HCOI  =  isentropic  enthalpy  rise  divided  by  the 
square  of  the  speed  ratio 

HCO  =  HCOI  divided  by  stage  efficiency 

The  value  of  HCOI  is  determined  from  test  data  corrected  to  standard  inlet 
conditions  and  therefore  implies  a  correction  for  inlet  temperature  ratio. 
The  inlet  corrected  speed  ratio  is  referred  to  design  speed.  Division  of 
enthalpy  rise  by  the  speed  squared  collapses  the  range  of  values  which  must 
be  plotted;  also,  it  brings  to  attention  any  systematic  variations  of  speed 
line  form  that  may  be  characteristic  of  the  machine,  and  it  facilitates 
interpolation  between  speed  lines  when  this  is  required.  In  typical  fash¬ 
ion,  Figures  93  and  94  show  values  of  HCO  and  HCOI,  respectively,  plotted 
against  outlet  corrected  airflow  for  lires  of  constant  inlet-corrected 
speed  for  the  LP  compressor.  Similarly,  Figures  95  and  96  show  values  of 
HCO  and  HCOI,  respectively,  plotted  against  inlet  corrected  airflow  for 
lines  of  constant  inlet-corrected  speed  for  the  HP  compressor. 

The  computation  of  the  corrected  performance  parameters  in  proper  form  for 
matching  was  done  with  the  aid  of  a  small  FORTRAN  IV  program  called  BLAH, 
which  is  presented  in  Appendix  III . 

Superimposing  the  data  of  Figure  91  directly  upon  the  data  of  Figure  92 
represents  direct  staging  of  the  compressors.  There  would  be  a  serious 
mismatch  in  speed,  with  the  LP  design  speed  near  41,000  and  the  HP  design 
speed  at  75,000  RPM;  some  degree  of  scaling  is  necessary. 

SCALING 


There  is  only  one  valid  method  of  scaling,  which  is  to  change  all  dimen¬ 
sions  in  the  same  proportion,  to  associate  a  certain  pressure  ratio  with 
the  identical  set  of  temperature-corrected  tip  speeds  and  gas  velocities, 
and  to  expect  corrected  flow  to  vary  in  proportion  to  the  square  of  the 
radius  ratio.  This  method  is  here  called  true  scaling.  True  scaling  was 
tried  in  the  original  stages  of  the  program.  For  a  given  point  on  an  LP 
map  a  line  can  be  superimposed  on  the  HP  map  in  order  to  show  all  the  pos¬ 
sible  points  where  the  selected  LP  point  can  be  located  using  true  scaling. 
It  is  easy  to  choose  the  one  point  on  the  line  where  the  LP  should  be  lo¬ 
cated,  but  it  is  more  difficult  to  accept  any  combination  of  performance 
reached  in  that  manner.  This  problem  led  to  a  requirement  for  more  free- 
dome,  and  to  a  simplified  approach  to  scaling  called  free  scaling. 

With  true  scaling,  in  order  to  perform  the  required  work,  it  is  necessary 
to  secure  the  same  axial  compressor  corrected  hub  speeds  and  the  same  cen¬ 
trifugal  compressor  corrected  tip  speeds  in  the  original  and  the  derivative 
components.  It  was  assumed  that  this  would  be  done  in  free  scaling  also, 
but  that  the  other  requirements  of  true  scaling  would  not  be  met.  However, 
other  details  of  design  would  be  handled  as  well  in  the  final  design  of  the 
free-scaled  derivative  as  in  the  original  compressor,  though  not  by  scal¬ 
ing.  It  was  not  necessary  in  the  matching  work  to  do  anything  to  ensure 
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Corrected  Enthalpy  Rise,  AH/CN/N^)  ,  Btu/lb 


Exit  Corrected  Airflow,  ^^93/83 ,  lb /sec 


Figure  93.  Typical  LP  Compressor  Matching  Base  Data, Two-Stage 
Transonic  Compressor  (FI),  Corrected  Enthalpy  Rise. 
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Figure  94.  Typical  LP  Compressor  Matching  Base  Data,  Two-Stage 
Transonic  Compressor  (Fl)#  Corrected  Isentropic 
Enthalpy  Rise. 
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Corrected  Enthalpy  Rise,  AH/(N/N  )  , 


Inlet  Corrected  Airflow,  lb/sec 


Figure  95.  Typical  HP  Compressor  Matching  Base  Data,PW-G  Centrifugal 
Stage, Corrected  Enthalpy  Rise. 
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this  adherence  to  good  design  practices.  The  assumption  merely  gives  ex¬ 
plicit  recognition  to  the  fact  that  in  free  scaling  an  element  of  new  de¬ 
sign  was  introduced. 

Important  scaling  relations  are  detailed  below  in  the  description  of  data 
input  preparation. 

COMPUTING  INPUT  DATA  PREPARATION 

Some  relations  which  must  be  used  in  computing  matched  compressor  perform¬ 
ance  are  outlined  below: 


1.  For  true  scaling  it  may  be  shown  that 

(W<\/87&)  x  (N/v^B)2  =  Kl 

It  has  become  the  practice  to  superimpose  an  LP  match  map  on  an  HP 
match  map,  e.g..  Figure  38.  A  true  scale  line  can  be  put  on  such 
a  map  according  to  the  following  formula: 


Wn/B =  K1/(N /a/T)2 

where  Kl  is  computed  from  values  taken  at  a  selected  point  on  the 
LP  map.  A  true-scale  line  is  approximately  perpendicular  to  an  HP 
stall  line,  resulting  in  free  choice  of  stall  relations  but  little 
variation  of  flow  and  speed.  Free  scale  departure  from  true  scale 
has  usually  been  toward  lower  centrifugal  compressor  specific 
speeds . 


2.  The  scale  factors  for  flow  and  speed  are  used  whether  scaling  is 
true  or  free.  There  is  a  scale  factor  for  speed: 


CN  -  V»LP 


and  a  scale  factor  for  flow: 


°W  ■  UHP/ULP 

In  the  case  of  true  scaling  it  may  be  shown  that: 


C 


W 


In  any  case  the  scale  factors  may  be  calculated  after  LP  flow  W 
and  speed  N^p  and  HP  flow  W  and  speed  N  have  been  selected.  *A11 
scaling  is  done  at  the  interface  using  the  LP/HP  matching  maps. 
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3.  Design  speeds  must  be  supplied  as  inputs  for  the  matching  computa¬ 
tion.  In  the  present  study  the  LP  compressors  were  not  scaled; 
hence  the  design  inlet  corrected  speeds  were  used: 

XNDl  =  LP  design  inlet-corrected  shaft  speed,  RPM. 

For  the  HP  compressor  the  following  formula  was  used: 

XND2  =  (HP  design  inlet-corrected  speedj/C^,  RPM, 

where  CN  is  the  speed  scale  factor  defined  in  the  preceding  sec¬ 
tion. 

4.  The  physical,  i . e .,  uncorrected ,  tip  speed  of  the  centrifugal  com¬ 
pressor  was  used  as  a  limit  and  as  information.  The  following 
equation  was  used  in  calculating  the  value  of  tip  speed  U  for 
single-spool  machines: 

U  =  CN  x  XNDl  x  (HP  design  tip  speed) /(HP  design  shaft  speed). 

This  is  the  tip  speed  at  LP  design  speed,  and  if  the  compressor  for 
some  reason  does  not  attain  LP  design  speed  the  tip  speed  is  corre¬ 
spondingly  lower. 

For  a  two-spool  compressor,  the  following  formula  was  used: 

U  =  . 7  x  (HP  design  tip  speed)  x  ENPC2/100. 

Here  T3  is  the  LP  compressor  exit  temperature  and  the  radical  term 
is  the  interface  value  for  ye  .  The  value  of  the  radical  can  al¬ 
ternatively  be  computed  as  the  applicable  ratio  of  LP  inlet/exit 
corrected  speeds.  ENPC2  is  an  input  percent  speed  value  for  the 
HP  compressor,  determined  in  a  manner  described  subsequently. 

5.  Superimposing  the  LP  map  on  the  HP  match  map  is  accomplished  with 
the  use  of  the  above-defined  scale  factors  Cfj  and  Cy.  On  the  LP 
map,  for  each  LP  speed  line  values  of  speed  and  flow  are  read  at 
two  points  or  more,  and  the  corresponding  HP  map  values  are  cal¬ 
culated  using  the  scale  factors.  The  resulting  values  are  then 
plotted  on  the  HP  match  map  to  show  the  LP  speed  lines  and  stall 
lines  in  relation  to  the  HP  as  showr  in  Figure  38. 

For  two-spool  compressors  the  map  is  constructed  just  as  above,  and 
the  effect  of  two-spooling  is  handled  by  the  manner  in  which  data 
is  taken  from  the  match  map. 

For  variable-stator  compressors  an  initial  map  was  drawn  just  as 
above,  and  then  the  LP  speed  lines  were  moved  horizontally  until 
the  LP  stall  line  fell  on  the  HP  stall  line,  thus  defining  the  flow 
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variation  required  of  the  LP.  The  input  quantity,  FLORAT  was  de¬ 
fined  for  each  speed  line  as  follows: 

FLORAT  =  (WHp  -  Wjj,)  x  100/W^, 

where  W^p  and  W  are  LP  stall  point  flows  before  and  after  the  flow 
shift  accomplished  by  varying  stator  angles. 

For  air  bleed,  the  input  quantity  BLOOD  is  defined  as  follows: 

BLOOD  -  <WLp  - 

where  W -  W  is  the  quantity  of  bleed  flow  on  the  match  map  and 

the  scale  factor  C„  converts  it  to  unsealed  LP  size. 

W 

6.  The  input  values  ENPC1  and  ENPC2  are  percent  speed  values  for  the 
LP  and  HP  compressors.  The  ENPC1  values  identify  the  LP  constant 
inlet  corrected  speed  lines  used  in  presenting  LP  performance  on 
the  match  map  and  elsewhere.  Points  on  the  ENPC1  lines  determine 
the  operating  conditions  for  both  LP  and  HP  compressors.  Since  the 
match  map  is  drawn  on  the  HP  map,  HP  speeds  are  read  on  the  ordi¬ 
nate  scale  and  percent  speed  ENPC2  is  referred  to  HP  design  speed. 

For  two-spool  compressors  the  speeds  are  not  bound  together.  ENPC1 
speed  lines  again  define  the  LP  compressor,  but  the  flow  range  can 
be  associated  with  HP  flows  at  other  speeds .  One  approach  taken 
was  to  associate  the  LP  speed  with  the  HP  speed  at  which  stall 
lines  coincide.  A  later  approach  was  to  choose  the  LP  stall  point 
which  had  maximum  flow  and  choose  the  corresponding  HP  speed  ENPC2. 
to  be  used  for  that  LP  speed  and  all  higher  LP  speeds.  This  re¬ 
sulted  in  some  under- loading  of  the  LP  at  high  speeds  but  was  re¬ 
garded  as  more  reasonable. 

7.  Access  to  the  data  in  performance  curves.  Figures  93,  94,  95, 

and  96,  is  by  way  of  percent  speed  and  corrected  airflow.  The  cor¬ 
rected  flow  values  Wfjpfor  reading  HP  performance  curves  were  read 
directly  from  the  match  map  between  the  limits  of  HP  stall  and  HP 
choke.  If  the  LP  stall  line  crossed  the  speed  line  in  this  range, 
the  flow  at  that  point  was  taken  as  one  of  the  points. 

A  flow  value  W2  is  required  as  program  input  and  is  defined  as  fol¬ 
lows: 


W2  -  «„p/C„ 


Both  W^p  and  Cy  are  defined  above. 

For  reading  LP  data  in  most  cases,  including  two-spool  cases,  a 
value W  was  defined  as  follows: 

Lr 
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For  bleed  cases, 


WLP  UHP/CW 


"lp  ■  V/Cu  +  BUI0D' 

For  variable  stator  cases 

Win  =  W  / 1  +  FLORAT/IOO.) 

LP  HP 

In  single-spool  fixed-stator  cases  at  low  speeds,  the  possible  HP 
flow  range  often  fell  to  the  left  of  the  LP  flow  range,  indicating 
that  the  LP  was  operating  in  stall,  where  performance  was  not  de¬ 
fined.  In  such  cases, the  LP  speed  line  was  usually  extended  hori¬ 
zontally  to  the  left  from  the  stall  point.  In  other  cases,  partic¬ 
ularly  for  case  4,1-AAA,  the  speed  lines  were  simply  extended  along 
the  speed  line  itself. 

8.  The  values  of  HCO  and  HCOI  were  read  from  typical  Figures  93  and 
94  at  values  of  for  the  LP,  and  from  typical  Figures  95  and 
96  at  values  Wh  for  the  HP.  The  extrapolation  into  the  LP  stall 
region  is  the  only  questionable  aspect  of  the  matching  procedure. 

As  shown  in  Figure  93  ,  two  extrapolations  for  temperature  rise 
(HCO)  were  used.  For  most  cases  a  horizontal  extrapolation  from 
the  maximum  value  on  the  speed  line  was  used.  For  case  4,1-AAA, 
Figure  52,  an  extrapolation  along  the  line  of  the  speed  line  was 
used.  As  shown  in  Figure  94,  for  the  pressure  ratio  (HCOI),  only 
one  type  of  extrapolation  was  used,  following  the  envelope  of 
values  for  all  speed  lines.  With  respect  to  the  HCO  extrapolations, 
it  can  be  argued  that  a  fair  comparison  resulted  from  treating  most 
cases  in  the  same  way.  In  retrospect, the  second  method  is  pre¬ 
ferred;  it  was  applied  to  the  fixed- geometry  design  case  where  it 
tended  to  give  lower  part -speed  efficiencies. 

The  computation  procedures  for  stage  matching  were  performed  by  a 
computer  according  to  two  FORTRAN  programs, which  are  described  in 
Appendix  III.  All  of  the  inputs  for  these  programs  have  been  de¬ 
fined  above. 


173 


APPENDIX  II 

COMPRESSOR/ENGINE  MATCHING  PROCEDURES 


The  compressor/engine  matching  procedure  defines  an  optimum  set  of  operat¬ 
ing  conditions  for  60  percent,  30  percent,  and  100  percent  power  by  a 
process  which  is  very  simple  and  yet  was  reached  only  after  a  number  of  in¬ 
effective  or  inefficient  approaches  had  been  tried  and  finally  rejected. 

One  of  the  most  troublesome  concepts  to  establish  has  been  that  an  optimum 
condition  for  minimum  60  percent  and  30  percent  power  fuel  consumption  does 
actually  exist.  Some  of  the  difficulty  arises  in  the  need  to  take,  as  a 
beginning,  a  compressor  map  of  some  kind. 

Figure  97  shows  the  type  of  compressor  map  that  is  required.  This  map  has 
a  stall  line  and  enough  lines  of  constant  efficiency  to  determine  the  effi¬ 
ciency  at  any  point  of  interest.  There  are  no  speed  lines,  since  none  are 
required  until  consideration  of  compressor  speed  limitations  begins.  Ini¬ 
tially,  there  is  no  definition  of  engine  cycle  pressure  ratio  for  any  op¬ 
erating  condition.  Optimization  of  engine  performance  at  some  power  level 
and  pressure  ratio  establishes  the  operating  region  on  the  compressor  map. 
This  map  can  be  one  based  on  test  data,  on  an  LP/HP  matching  procedure,  or 
on  a  mean-line  mapping  program.  The  pressure  ratio  and  flow  parameters  may 
have  any  desired  values,  and  the  efficiency  islands  any  plausible  shapes. 
The  basic  requirement  is  for  a  definition  of  representative  compressor  op¬ 
erating  characteristics,  in  order  that  optimum  engine  performance  can  be 
related  to  a  particular  compressor  map.  This  map  also  has  lines  of  con¬ 
stant  burner  temperature,  positioned  using  the  assumption  of  a  choked  tur¬ 
bine  nozzle,  governed  by  the  following  equation: 

k  =  W  JT/  (P/P) 

The  value  of  k  is  established  by  placing  one  point  for  one  burner  tempera¬ 
ture  on  the  graph.  Thereafter,  any  temperature  line  can  be  located  from 
the  following  equation: 


P/P  =  JTlV.*  W 

The  location  of  the  family  of  temperature  lines  is  restricted  only  in  that 
it  is  desirable  to  place  the  operating  points  in  regions  of  maximum  effi¬ 
ciency  and  reasonable  stall  margin. 

The  next  step  is  to  read  from  the  curve,  along  one  burner  temperature  line, 
values  of  pressure  ratio,  airflow,  and  efficiency.  The  range  of  flows  cov¬ 
ered  should  extend  above  ar.d  below  the  pressure  ratios  at  which  a  given 
power  point  is  expected  to  fall.  In  the  present  study, a  2500°F  burner  tem¬ 
perature  was  chcsen  for  military  power.  For  60  percent  power, temperatures 
of  2100°  and  2200°F  were  irvestigated ,  and  for  30  percent  power  a  1900°F 
temperature  was  used.  These  values  were  based  on  experience  and  were  not 
verified  until  the  last  pha^e  of  the  study  involving  calculation  of  de¬ 
tailed  engine  performance. 
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Figure  97.  Sketch  of  Compressor  Performance  Map  for 
Compressor/Engine  Matching. 
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Next,  from  Figures  3,  5,  8  and  12  at  the  new-found  values  of  pressure 
ratio  and  compressor  efficiency,  read  values  of  Brake  Specific  Fuel  Con¬ 
sumption  and  Brake  Specific  Horsepower.  It  may  be  noted  that  in  the  pres¬ 
ent  study, an  85-percent  efficiency  was  used  for  the  turbine  based  on  expe¬ 
rience  in  past  studies. 

Next,  determine  values  of  shaft  horsepower  as  the  product  of  airflow  and 
brake  specific  horsepower.  Finally,  plot  a  graph  for  each  burner  tempera¬ 
ture  line,  as  shaft  horsepower  versus  pressure  ratio  or  flow.  Also,  plot 
curves  of  brake  specific  fuel  consumption  for  each  temperature  against  the 
same  abscissa.  Such  a  graph  appears  in  Figure  98  where  pressure  ratio  is 
used  as  the  abscissa. 

The  compressor/engine  match  in  Figure  98  is  power  limited,  which  is  the 
most  significant  and  pervasive  factor  in  the  study.  The  performance  data 
in  Figure  98  show  a  maximum  power  output  at  2500°F  burner  temperature  at 
15.3  pressure  ratio,  which  is  below  the  capability  of  the  compressor  based 
on  structural  limits.  Engine  performance  is  optimized  by  selecting  15.3 
pressure  ratio  for  maximum  power.  Figure  98  shows  a  characteristic  in¬ 
crease  in  specific  fuel  consumption  (SFC)  which  occurs  as  pressure  ratio 
is  reduced  during  part- load  operation.  Again  referring  to  the  2500°F 
horsepower  plot,  it  is  readily  apparent  that  selection  of  a  maximum  power 
pressure  ratio  less  than  or  greater  than  15.3  results  in  a  reduction  in 
maximum  power,  with  corresponding  reductions  in  power  at  60  or  30  percent 
of  maximum.  Since  reduced  power  at  these  points  is  obtained  at  reduced 
pressure  ratio,  the  SFC  would  increase,  following  the  characteristic  noted 
above.  Performance  optimization  for  the  high  temperature,  high  pressure 
ratio  engines  in  this  study  is  not  influenced  by  the  introduction  of  vari¬ 
able  power  turbine  area,  as  is  discussed  fully  in  the  Power  Turbine  Flow 
Area  section  of  the  Preliminary  Design  section  under  Discussion. 

There  are  cases  where  no  power  peak  is  defined.  Then,  there  is  some  other 
limit  to  pressure  ratio,  such  as  compressor  tip  speed.  The  optimum  operat¬ 
ing  point  is  then  the  maximum  tip-speed,  since  this  point  provides  part- 
power  points  with  maximum  pressure  ratio  and  minimum  fuel  consumption. 

This  operating  point  produces  maximum  engine  power  limited  not  by  power, 
but  by  tip  speed. 

The  shape  of  the  2500°F  power  curve  varies  with  the  shape  of  compressor  map 
efficiency  contours  and  the  location  of  the  2500°F  line  on  the  map.  A 
sharp  power- limit  peak  such  as  in  Figure  98  is  not  typical;  a  rounded  peak 
is  more  common. 

Power -limited  engine  configurations  usually  incorporate  fixed -geometry  com¬ 
pressors.  In  the  study,  either  two-spooling  or  using  variable  stators  has 
raised  high-speed  compressor  efficiency  to  the  point  wnere  maximum  speed 
becomes  the  limiting  factor.  The  speed  limit  is  taken  to  be  either  100 
percent  LP  speed  or  a  specified  centrifugal  tip  speed.  In  the  absence  of 
other  limits, it  is  certain  that  power  limiting  will  occur  with  engines  of 
any  kind  operated  at  overspeed  conditions,  due  to  decrease  of  component 
efficiency. 
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Shaft  Horsepower  Brake  Specific  Fuel  Consumption 


Total  Pressure  Ratio 

Figure  98.  Compressor/Engine  Matching  Performance,  Power  and  Brake  Specific 
Fuel  Consumption  as  a  Function  of  Pressure  Ratio  for 
Temperatures  of  1900°,  2100°,  2200°  and  2500°F,  2.8  Supersonic 
Plus  PW-G  Centrifugal,  Case  2,3. 
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A  review  of  the  limitations  of  this  comprcssor/cngine  matching  procedure  is 
in  order  at  this  point.  The  choice  of  burner  temperatures  is  arbitrary  and 
results  in  somewhat  inaccurate  performance  values,  which  are  only  set  in 
proper  perspective  in  the  full  engine  analysis  or  in  the  actual  engine  op¬ 
eration.  The  procedure  does  satisfy  an  important  requirement,  namely,  to 
expeditiously  evaluate  and  compare  a  number  of  preliminary  designs. 
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APPENDIX  III 
COMPUTATION  PROCEDURES 


Many  of  the  computations  in  this  study  were  performed  using  an  IBM  360/44 
digital  computer.  Some  fairly  large  proprietary  programs  were  used:  a 
mean-radius  compressor  design  program,  1,2050,  and  a  compressor  mapping 
program,  L2048;  a  turboshaft  design  point  cycle  performance  program,  L2089, 
and  a  single-spool  turboshaft  off-design  engine  performance  program,  L2159. 
Other  small  FORTRAN  programs  were  prepared  and  used  for  executing  the  pro¬ 
gram  work.  They  deal  with  the  matching  of  the  compressor  stages  as  de¬ 
scribed  in  APPENDIX  I  and  in  the  DISCUSSION  under  Compressor  Performance 
Curves  in  ENGINE  CYCLE  ANALYSIS,  and  under  Compressor  Characteristics  in 
PRELIMINARY  DESIGN. 


This  appendix  gives  the  input  lists,  the  FORTRAN  program  listings,  and 
samples  of  program  printed  output  for  the  following  small  FORTRAN  programs . 


Program 

Name 


ADDER 


FIXER 


BLAH 


ONE -SPOOL 
COMPRESSOR  MATCH 


Purpose 


Given  pressure  ratio  and  efficiency  for  two 
compressors,  find  overall  pressure  ratio  and 
efficiency  when  compressors  are  staged. 

Given  compressor  performance  on  cards,  raise 
efficiency  by  a  constant  amount  on  each  speed 
line,  compute  corresponding  pressure  ratio, 
and  punch  out  cards  giving  new  performance 
data. 

Given  compressor  performance  on  cards,  calcu¬ 
late  corrected  enthalpy  rise  values  and  exit- 
corrected  speed  and  flow  values. 

Given  performance  data  for  an  LP  and  an  HP 
stage,  calculate  overall  performance.  Also 
punch  cards  giving  performance  in  format  used 
in  BLAH  and  FIXER. 


TWO -SPOOL 
COMPRESSOR  MATCH 


Given  performance  data  for  an  LP  and  an  HP 
stage,  calculate  overall  performance. 


The  input  lists  give  the  card  type,  card  fields,  input  format,  FORTRAN 
name  of  variable,  and  definition  of  variable.  Card  type  identifies  each 
card  for  a  subsequent  list  showing  the  sequence  of  cards  in  the  input  deck. 
The  input  format  code  signifies  the  following: 
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A  alphanumeric ,  n  combination  of  letters  and 

numbers  used  to  write  a  title,  placed  anywhere 
in  the  field  of  allotted  card  columns. 

I  integer,  a  number  without  a  decimal  point, 

placed  in  the  last  (right-most)  column  in  th j 
allotted  field. 

D  decimal,  a  number  which  has  a  decimal  point; 

number  may  be  placed  anywhere  in  the  allotted 
field. 

The  information  about  the  programs  is  given  in  subsequent,  tables  as  fol¬ 
lows: 


Input  List 

Sample  Output 

FORTRAN  Listing 

ADDER 

XII 

XIII 

XIV 

FIXER 

XV 

- 

XVI 

BLAH 

XV 

XVII 

XVIII 

ONE- SPOOL  MATCH 

XIX 

XX 

XXI 

TWO- SPOOL  MATCH 

XXII 

XXIII 

XXIV 

Subroutine  SNARF  is  used  in  all  of  these  programs.  The  listing  for  this 
subroutine  is  given  with  the  listings  for  BLAH,  Table  XVIII. 
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TABLE  XII.  ADDER  INPUT  LIST 


Card 

Type  Column 

Input 

Format 

Name 

Definition 

A 

1-10 

I 

JO 

Number  of  axial  LP  compressor  caseu 

11-20 

1 

KG 

Number  of  centrifugal  HP  compressor  cases 

B 

1-10 

D 

APOP 

Total  pressure  ratio  for  the  axial  com- 

11-20 

pressor;  up  to  7  values  in  fields  of  10 

to 

columns 

61-70 

C 

1-10 

D 

AETA 

Adiabatic  efficiencies  for  the  axial 

11-20 

compressor,  corresponding  to  total  pres- 

to 

sure  above  (one  AETA  for  each  APOP  on 

61-70 

Card  B) 

D 

1-10 

D 

CPOP 

Total  pressure  ratio  for  the  centrifugal 

to 

compressor,  up  to  7  values  in  fields  of 

61-70 

10  columns. 

E 

1-10 

D 

CETA 

Adiabatic  efficiency  for  the  centrigugal 

to 

compressor  (one  CETA  for  each  CPOP  on 

61-70 

Card  D) 

Each  input  case 

requires  one 

data  set  of  cards  consisting  of  the  follow- 

ing 

card  types 

in  sequence 

A 

Beginning  of  a  case 

e.b.b.b, 

B 

cards 

to  give  data  for  JO  cases  at  7  per  card 

c.c.c, 

C 

cards 

to  give  data  for  JO  cases  at  7  per  card 

D ,D  , D  ,D 

D 

cards 

to  give  data  for  KO  cases  at  7  per  card 

E  ,E  ,E  ,E 

E 

cards 

to  give  data  for  KO  cases  at  7  per  card 

A 

Beginning  of  a  new  case 

INPUT  FORMAT  LEGENDS:  A 

=  Alphanumeric 

I 

=  Integer 

D 

=  Decimal 
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TABLE  XIV.  ADDER  FORTRAN  LISTING 


0031 


on? 

no* 

ooo* 

t’PP* 
coo* 
o*o  r 
no* 
ooo- 
con 


001  i 
coi? 
oo  n 
or  i* 
or  i  * 
ooi* 


aoi  ? 
on* 
0011 
or  ?u 
oo,'  i 
oo?? 

oo? » 
00?* 
oo?* 
OP?* 
or  ?? 


oo?* 

rc»i 

Of  «o 
PP1I 
POl? 
fO** 
001* 

CPI* 

polo 

or*? 

oo** 

oo*«» 

O0*r 

00*| 

PO*? 

PC** 

PO** 

oo*s 

CP** 

00*? 

oc** 


o(  *4 

PPSP 

00*1 


•non  **  ps  yfRSIo*  ».  ifvfl  ?  oaii  osn* 

f  P4f'G«**'  AOOCP 

c 
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f  ***<*** 
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f  A?  T  A  IS  *:)|t*AT|0  f **  ICIfNCIfS  HI*  ?*-f  A I  I  A  l  PPPMASST* 
r  CPf.P  IS  ?Mf  IplAl  P*f  SSU*f  *A»|C*  fU»  Inf  CrH?A  I?  UP.  A  l  C  P  UPSSCHI 

C  f  f  T  A  IS  To?  ADIABATIC  FM|CI?*Cl  *  0*  l«f  r»N?*|f-JCAi  PC***»SSn* 

r  p*  is  iH?i*siAP.r  **6 ssupf  •  i*s/stu**f  in. 

Z  II  i>  INlrASIAC?  IlhAMAilHi  01  C»*  f  f  S  *. 
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TAB! 

j;  xv .  f  i 

Xi:R  AND  B1AII  INPUT  LIST 

Card 

Type 

*  Column 

In]  Ait 
Format 

Name 

Deflni tion 

A 

1-54 

A 

TIT1  h 

User's  words  to  define  case 

55-56 

T 

Nsri:i  i > 

Number  of  speed  lines 

57-64 

D 

ns PEED 

Design  speed,  RPM 

65-7? 

D 

DFI.OW 

Design  flow,  lbs/sec 

B 

1-8 

D 

DELEF 

Speed  line  efficiency  increment 

C 

1-8 

D 

HR1 

Inlet  hub  radius,  ft 

9-16 

D 

TRl 

Inlet  tip  radius,  ft 

17-24 

D 

HRO 

Outlet  hub  radius,  ft 

25-32 

D 

TRO 

Outlet  tip  radius,  ft 

Note: 

C  may  bo 

submitted  blank  at  present. 

P 

1-8 

D 

F 

Flow  scale  factor 

9-16 

D 

Tl 

Inlet  total  temperature,  °R 

17-24 

D 

PI 

Inlet  total  pressure,  psf 

E 

i-8 

I 

NPTS 

No.  of  points  on  next  speed  line 

9-16 

D 

ENPC 

Percent  Nj)  for  next  speed  line 

F 

1-8 

D 

W1 

Flow  at  a  point,  lb/sec 

9-16 

D 

PRl 

Pressure  ratio  at  a  point 

17-24 

D 

EFl 

Adiabatic  efficiency  at  a  point 

25-32 
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ENl 

Compressor  speed  at  a  point,  RPM 
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W2 

Flow  at  a  second  point,  lb/sec 
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Adiabatic  ef  ficiency  at  a  second  poin 
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EN2 

Compressor  speed  at  a  second  point,  1  l’v 

A  FIXER  Input 

Case  requires  one 

data  set  of  cards  consisting  of  the  fol 

lowing  card  types  in  sequence.- 

A,B, 

C  ,D 

Beginning  of  a 

ase 

E,F, 

F,F 

First 

speed  11 n< 

,  with  enough  F  cards  for  NPTS  of  data 

E,F, 

F.F.F 

Second 

speed  line,  with  enough  F  cards  for  NPTS  of  data 

to 

j 

E,F 

F.F.F 

Last  s 

peed  lin< 

with  enough  F  cards  for  NPTS  of  data 

A,B, 

C,D 

Beginning  of  a  new  case 

A  BLAH 

input  case  is  same  as  FIXER,  but  omitting  card  B. 
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C 

conncnts  shop  r.  1  v«  offimticns  of  input  vaaiafif  naafs. 
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SO  CONTINUE 


FOPNAT 

FOANAT 
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I  ?F*.1,  F  A.?,FP.0,;Fi.1,FP.?,FP.  II 


185 


TAIll. XV  I  I 


TAM.'  XVII. 

111  All  SAMIM.i:  OITI’I.T 

?  stage  oifi 

.  trans.  i  r  i ) 

5crrr.  ppm 

i  S  OF  SIGN  Pfl Nl 

urpeetfo  shaft  spfrr. 

5. me  ins/sft  is  et  sign  poim  rnwMFf.rEO  airficr 

105.0  PERCENT 

Of 

TfSIGN  SPFfl) 

III  VFLCPS  THE  FCILOWINC.  PERFORMANCE 

CORK  K  t  ro 

PRE  SSI PF 

A  0  1  A  0  A  T  1  f.  FFFV 

r.r.PRFCTFC 

fluw.l  ps/src 

RATIO 

PERCENT 

SPFFn ,RPM 

5.030 

3.0  12 

76.50 

52500. 

5.010 

1.200 

70. or 

52500. 

100.0  PERCENT 

OF 

Of  SIGN  SPl'fP 

DEVELOPS  THE  ECllCMNC.  PfRECRMANCF 

CORRECTED 

PR  F  S  S  UP  f 

AOIARATIC  Frrv 

r.rPRFCTFo 

f try, i 9S/SE C 

RAT  10 

PE  RCENT 

SPEED, PPM 

4 .950 

2.  156 

66.50 

50000. 

5.950 

2  •  ti  5  6 

76.  OC 

50000. 

5.950 

2.003 

79.00 

50000. 

5.950 

3.008 

80.  CO 

50000  . 

5 . 9  1 C 

1.111 

01.50 

50000. 

5  .020 

3.215 

02.50 

sonoo. 

5.070 

’.?PF 

03. 00 

50000. 

5  .  POO 

3.  ’50 

03.50 

soooo. 

5.6PC 

3.  165 

32. 5C 

50000. 

95.0  PERCENT 

OF 

OF  SKA  SPFfO 

01  VF  LOPS  TEE  FOLLCMNC  PERFORMANCE 

CORR  FCTEO 

PRESSURF 

aoiabatic  Frrv 

COPRFCTFO 

FLOW,  1  PS/StC 

RAT  11 

PFRCF  NT 

SPEED, RPM 

5.720 

2.  *■  2  5 

79.00 

57500. 

5. 7C0 

2.0,r 

«5.C0 

57500. 

5.610 

2.9  71 

05. 5C 

57000. 

5.51C 

3.055 

85.  CC 

57500. 

5.110 

3.C6P 

02.50 

5  7500. 

186 


TABLE  XVII  -  Continued 


187 


PforniT  OF  rrsif.N  $f»cFO  0*VFl.n*»S  TMF  fOllTWlNG  Pf«FC»P*KCF 


» 

y 

4 

o 

X 

or 

x 

o 

o 

OJ 

X 

x 

oc 

X 

WL 

c 

UJ 

to 

aw 

s 

UJ 

>- 

X 

UJ 

or 

a 

» 

wo 

z 

X 

z 

D 

• 

— 

» 

M 

• 

wo 

4V 

» 

a 

x 

Z 

x 

u- 

LJ 

< 

X 

u- 

Z 

< 

at 

o 

c 

X 

> 

l— t 

C- 

«i 

Z 

o 

X 

<J 

z 

M 

x 

LJ 

WJ 

X 

Q 

\ 

a 

x 

cr 

a 

■» 

• 

o 

a 

wo 

X 

to 

x 

x 

to 

LL 

-j 

UJ 

X 

«■ 

a 

z 

to 

x 

or 

« 

X 

a 

(J 

z 

f 

x 

Uj  O 

X 

< 

2 

X 

X 

wo 

rr 

X 

Z 

< 

o 

wo 

X 

or 

» 

X 

r* 

« 

/ 

< 

— 

or 

►— 

o 

41 

a 

cr 

mJ 

x 

> 

o  * 

O 

O 

z 

o 

- J 

• 

4k 

M 

U. 

■*» 

X 

z 

o 

4 

< 

or 

x 

• 

C 

c 

WJ 

z 

41 

rv  O  ► 

a 

UJ 

UJ 

z 

UJ 

a 

X 

X 

O  a 

U J 

Uj 

x 

< 

z 

X 

*W 

z 

o 

to 

Z 

Z 

> 

D 

« 

o 

IM 

(/ 

X 

M>  » 

< 

O  0. 

a 

X 

Ht 

tO 

X 

• 

or 

* 

2  X 

o 

X 

< 

u 

X 

< 

■w 

a 

wo 

u 

•— * 

a 

C 

> 

« 

2 

O 

X 

X 

O 

*  z 

3  U 

X 

o 

UJ 

WO 

» 

i 

o 

a*  X 

a 

x 

a 

Lv 

LL 

c: 

X 

X 

< 

2 

rvj 

fSi 

u. 

D 

UJ 

C 

a 

a 

z 

z 

z 

X 

rs.  z 

UJ 

X 

■ 

a 

X 

u. 

< 

wo. 

< 

M 

X 

X 

a 

—  X 

x 

LJ 

r* 

X 

ll* 

z 

x 

UJ 

u 

X 

X 

X 

X 

X 

X  * 

Uu 

Z 

wo 

wo 

oc 

< 

at 

c 

X 

or 

X 

-i  a 

> 

< 

wo 

z 

UJ 

UJ 

x 

*- 

c 

X 

X 

rt 

• 

x  X 

OJ 

X 

or 

a. 

CD 

z 

• 

Z 

z 

X 

a. 

X 

< 

aw  X 

OC 

< 

o 

_ 

u. 

2 

c 

LL 

X 

a 

• 

O 

X  • 

X 

LL 

u. 

Qt 

X 

or 

• 

u 

a 

• 

to 

or 

X  > 

c 

*  X 

ll 

u  1 

v/» 

> 

to 

u 

c 

CJ 

-/ 

VO 

U 

wo 

X 

> 

<x 

*-  X 

rv. 

«—  x 

X 

» 

OL 

u 

3  « 

z 

wo  c 

X 

IX 

»- 

X 

U- 

X 

X 

> 

3  z 

»»• 

O  * 

» 

r* 

UJ 

a 

X 

o 

UJ 

UJ 

< 

UJ 

or 

z 

WO 

wo 

X 

Z  X 

Z  X 

iL 

X  o 

a- 

c. 

or 

'J 

O 

x 

►— 

a 

(T 

< 

X 

< 

X 

w  w 

X 

IN  X 

a 

z 

x 

tO 

X 

a 

VO 

<1 

LJ 

I 

2 

oc 

aw 

X 

D 

I  X 

— ■  X 

» 

o 

a 

a 

x 

fW 

U^r 

O 

✓ 

X 

X 

X 

C 

X 

wo 

a 

— 

» 

►-  a 

O 

> 

Z 

z 

x 

z 

z 

X 

►- 

X 

X 

-J 

X 

— 

X 

ac  x 

to 

X 

to 

wo 

uj 

tO 

u 

M 

u 

<o 

o  o  a. 

Z 

X 

X 

— J 

X 

a 

X 

a 

X 

O 

-J 

X  x 

o 

•  o 

• 

oc 

tO 

X 

< 

X 

x 

wo  c  Z 

►  • 

o 

c 

-J 

•J 

X 

X 

u 

X 

X 

X 

o 

a  x 

X 

^  at 

O 

LL 

UJ 

X 

UJ 

UJ 

UJ 

C 

< 

-0 

uo 

z 

z 

x 

-J 

X 

a 

wi 

X 

X 

rvi 

C?  2 

a 

> 

tf 

or 

c 

a 

oc 

LL 

UJ 

u 

ac 

z 

M 

M 

c  o 

to 

X 

X 

*-  L' 

X  c  ► 

a 

I 

wo 

U  u- 

> 

c  c 

wu 

c 

< 

X 

X 

l_J 

z 

UJ  — 

X 

rw  _j 

X 

LJ 

M 

u 

2 

cr 

cc 

> 

X 

K 

X 

X 

X 

or 

M 

a 

x  a 

X 

—  X 

CJ 

ix 

*— 

o 

> 

X 

U_ 

a 

WJ 

X 

•— 

< 

< 

<J 

< 

X 

X 

a 

X 

or 

X 

x  c. 

X 

a  □  k 

X 

X 

X 

UJ 

_ 

wo 

2 

D  O  Uj 

o 

a 

X 

<T 

C 

X 

OL 

*  I 

3 

lj  or 

o 

m 

r 

LL 

wo 

z 

wo 

l  ’ 

wO 

to 

io 

wo 

X 

e 

X 

n 

X  o- 

X 

X 

X 

z 

X. 

oc 

*T 

•Sk 

X 

D 

v. 

j 

< 

—  V 

z 

Z  X 

to 

X 

<x 

u. 

wn 

2 

WL' 

ll 

> 

X 

wo 

LL 

£E 

X 

M 

M 

X 

wo 

X 

X 

2 

CC  X 

c 

c  X 

K 

< 

a 

X 

<  X 

wo 

x 

O 

2 

< 

o 

wo 

X 

CL 

CJ 

X 

o  c 

c 

o 

2 

a' 

C 

c 

a 

X 

3  u 

“ 

** 

X 

a 

z 

>■ 

X  •“ 

a 

o 

X 

J 

X 

0. 

-J 

►“ 

< 

< 

< 

< 

X 

x 

X 

< 

a 

X 

X  D 

to  to  z 

*■ 

X 

a 

a 

o 

Uj 

or 

or 

ac 

or 

X 

z 

Z  X 

c 

t 

cr 

X 

X  1 

ex 

X 

X 

X 

X  x 

«? 

S 

Q, 

• 

• 

• 

£ 

a 

c 

a 

X 

X  X 

X 

X 

X 

X 

X 

c 

tO 

uj  r* 

o 

• 

D 

to 

a-  O 

«► 

< 

< 

« 

<  c 

z 

« 

X 

x 

U- 

2 

• 

X 

X 

X 

X 

• 

X 

c 

C  X 

2 

X 

X 

X 

x  o 

X 

x 

« 

Z 

x 

u- 

X 

o 

wo 

1 

1 

I 

1 

X 

Z 

• 

UJ 

* 

a 

•— 

a. 

CL 

-J 

■-« 

o  o  a 

• 

• 

X 

x  a 

o 

o 

• 

X 

X 

wo 

WO 

u 

CL 

or 

or 

cc 

a 

z 

• 

• 

X 

z 

X 

X  x 

□ 

* 

X 

z 

o 

c 

z 

X 

X 

X 

♦-  UJ 

2 

a 

X 

X 

X 

X  X 

T 

* 

o 

c 

X 

x 

X 

u 

x  x 

c 

r 

r 

UJ 

Vk. 

LJ 

X1 

X 

Lk 

c 

LJ 

X 

X 

X* 

X 

X 

X  x 

c 

c 

r 

X 

X 

X 

> 

ww 

fL  r* 

* 

IT 

•c 

X  00 

c 

OC 

(  r 

o  o  c 

o 

o 

o  o  c 

o 

Qf 

c 

o  c 

C' 

c 

C  o 

o 

«*• 

c 

* 

o  o  c 

o 

c 

o 

O  CJ 

o 

LL 

189 


TABLE  XVIII  -  Continued 


w 

CL 

< 

u 

I/O 

CL. 

V- 

a 

Z 

Z 

< 

z 

» 

►- 

o 

U i 

VO 

a 

» 

• 

L 

z 

m 

u 

V- 

a. 

z> 

o 

z 

• 

Cl 

o 

<— •  » 

N 

Z 

r\ 

c  ►- 

C  G. 

N 

* 

z 

IN.  Z 

u 

LL 

w  * 

» 

X 

*  o 

X 

L- 

*■» 

a 

o 

» 

C- 

•>  z 

■J 

a 

u 

o 

—*  UJ 

u 

“I 

Z 

< 

fv* 

^  • 

CJ 

mt 

UJ 

u. 

w 

INJ  Z 

z 

CL 

a 

w  UJ 

• 

UJ 

» 

u. 

Ui  • 

CJ 

c 

UJ 

-i  Q. 

u 

• 

n 

• 

H-  U 

UJ 

«■» 

w 

*-  u 

a 

u 

VO 

O  - 

VO 

w 

M 

u 

M 

o 

»  u 

O  <-/ 

u 

%■> 

rs. 

—  Uj  u. 

a 

UJ 

u 

z 

w 

c  «  ► 

•  #- 

0.  — 

u 

U. 

©  ©  — 

o  - 

o  ♦ 

z 

•m 

UJ 

c\j  uj  a 

UJ  u 

<r\  — . 

U  1 

w 

►- 

—  UJ  » 

uj  or 

-o 

a 

r» 

o 

*-  CL  _ 

a  x 

•>  w 

•  C3 

2 

«« 

UI  ►- 

VO  * 

o  a 

C  — 

• 

3 

o 

-  C  « 

z 

INJ 

UJ  «~ 

CD 

LL 

o 

—  •  o 

cc 

» 

UJ  w  ♦ 

-o 

U 

K 

INJ 

o  x  a 

C 

a  t/. 

Mr 

INJ 

3  UJ 

w 

o  o  u 

uj  a 

o  -> 

ir 

vo  i-  ~ 

* 

•  A 

• 

a  x 

X 

*M  _J  * 

— J  •  •  fNj  «— 

z  a  *- 

INj 

ac 

z  *- 

LL 

—  u.  © 

•—  e-4 

V-  J 

o 

Z  w 

Mr 

— 

u 

o 

a  o  of 

•-  a: 

a 

V- 

►  ^ 

♦ 

•*  • 

X 

*  I 

*-  X  •* 

z  — 

INJ  O 

« 

Ui  o 

x  * 

u 

o 

O 

a 

fV  L- 

<  CO  u. 

OJ 

z  — 

z 

Z  U 

•  •  * 

UJ  •  • 

o 

ll  o  z 

O  D 

s  m  a. 

M 

•-  X 

o 

C  «.j  a 

c  ^  N 

U  fN 

a 

O'  z 

IN* 

»-  JK 

*+ 

—  u 

o  o  o 

CL  O  O 

N 

M>  M-  W 

W 

-J 

\r 

IfiZ  • 

o  a  it 

^  V*  IT 

Q 

o  |I  Z  H- 

c  «■ 

«  c 

cc 

_j 

*/>  * 

# 

* 

u  © 


z  z  o  — 

uj  uj  x  oc 

ij  1  1 
—  — i  o  - 
c  c  o  n 


Z  O  «  »-  <  Of 

DO  Miuaui03 

—  <  <  a  z  of 

a  uj  uj  c  o  uj 

-  ix  a  ic  a 


<  <  <  <r 
TUI 
a  or  of  oc  o 
O  O  C-  C  z 
u  u.  u  u  u> 

o  -•  cm  n 
©  o  o  o 
o>  it  a-  o- 


cm  m  <»• 
o  o  o 
o  c  o 
o  o  o 


i/'<istc5C'|M''iirfMr  C'O'-fvjf 

c  o  ©  o  o  —  -h  cm  cm  cm  cm 

o©oooocr.':'Ooooc  cococ 

©ooo©c:o©ooooo  oooco 


190 


b- 

Z 

z 

z 

z  z 

z 

o 

1 

b- 

b- 

brt  b* 

rt 

o 

1 

7  7 

► 

>• 

>• 

►  >- 

>• 

z 

rt. 

a 

a 

a 

a  a 

a 

•rt 

b- 

b- 

rt 

► 

V 

► 

0L 

ar 

a 

— *  a 

Z 

o  uj 

•  o 

f\  _j 

b>  •— 

—  rt 

Z  U", 

• 

VO  — 

—  a. 

a 

rt  rt 

C  ^ 

a 

Q.  • 

a 

a 

z 

a 

Z  >- 

rtK 

\r 

► 

UJ 

UJ 

* 

rt 

z  — 

U 

u 

X 

»  a 

o 

u 

u 

or 

b- 

—  • 

l: 

b- 

*-  V-. 

UJ 

u. 

O  D 

rt 

a 

uO  u. 

a 

VO 

O  Uj 

a 

z 

u.  go 

VJ 

a 

a 

rsj  uj 

z 

a 

LJ  V 

aa 

a 

u 

< 

~  a 

LJ 

vO 

w- 

O' 

rt 

l_J  l/i 

» 

-o 

uO  tL 

< 

<<•» 

u* 

rtT 

a.  z 

u 

— 

tf* 

b» 

> 

C_ 

z 

H 

• 

< 

a 

u. 

b- 

UJ  l/l 

X  a 

a 

o 

r\ 

b- 

•  rt 

N 

-> 

a  rx 

C 

CJ 

r* 

r> 

—  a 

ft  ^ 

« 

rtrt 

a 

cr 

a 

o  z 

“) 

a 

a 

b« 

Uj 

■0 

2 

c  *—  * 

aa 

a 

a 

« 

Uj 

*- 

f\j  c  ►“ 

» 

-> 

a  a 

a 

a 

—  c  a. 

w 

art  f^S 

a 

in 

UJ 

Uj 

7  M  / 

“> 

z 

fT>  • 

b- 

a 

b- 

i 

uj  —  * 

w 

UJ 

b-  O 

a 

* 

z 

< 

b- 

•XU 

z 

a 

rv 

o 

O 

—  a 

Uj 

a 

a  U 

U 

u* 

M 

Uj 

o  •  z 

o 

O  * 

a 

a 

VO 

O  —  UJ 

► 

-> 

•  a* 

2 

a 

Uj 

*- 

fVN  * 

X 

Ml 

w 

O  r\f 

i/» 

O 

(J 

<\j 

a 

~  bs 1  Z 

o 

-> 

a 

Ui 

art  b- 

a* 

VO 

U> 

X 

a  w  u. 

a 

W 

O 

U. 

u. 

VL 

in 

—  U 

-J 

U  UJ  * 

u. 

lb 

-c 

"S 

a 

V 

L) 

uj 

O 

u  j  a 

o 

UJ 

•  Xl 

a 

a 

vo 

o 

> 

b- 

•  b-  u. 

• 

a 

0m 

— 

X 

a 

c 

•  rt 

M 

u_ 

uo 

•»  uj 

o 

a 

IT 

aa 

-» 

rg  • 

3 

a 

-J 

N  Z 

a 

C  ►-  * 

UJ 

M 

IT 

w 

aa 

*-  C 

-J  m 

a 

aa  Ul 

UJ 

— 

o  •  u 

UJ 

o 

-> 

vn 

a 

UJ 

u 

bg 

X 

u  u  o 

—  UJ  u 

a 

rg 

— 

«*. 

ba  *■ 

^  UJ  * 

b- 

u 

a  a 

Z 

z 

«—  O  *  * 

bO 

a 

a 

a 

a 

a 

— J 

bg  UJ 

« 

c 

U.  O  c  — 

c 

• 

Z  1 

art 

*a 

rsj  uo 

< 

a 

VL 

•  a 

Z 

rt- 

a-  ml  a 

UJ 

» 

■rt 

art 

-> 

o 

a 

b-  a 

a 

Z 

*” 

—  UJ  * 

»  o 

bg 

M 

o 

rtrt 

A 

♦  — 

v 

aa 

b*  b-  c 

u> 

a 

•rt  • 

o 

O 

O 

•  b-  a  — 

Ur  tr 

“» 

art 

✓* 

art 

aa 

X 

X 

bv  u 

UJ  b- 

U  rt- 

u 

z 

—  l/>  rt 

-j 

* 

aa 

c 

•a 

aa 

tn  — 

z 

•  <i 

b« 

b- 

a 

0*0* 

w  a 

»r 

X 

c 

a 

uj  a 

bn 

x  m 

a 

«C  X 

w 

u. 

b-  b- 

U. 

a 

u. 

o  —  •  c 

—  IT 

art 

b- 

tf*- 

uj  Z 

K 

c  ►- 

b-  ^  uj  or  n 

N. 

• 

a 

UJ 

z 

<M  o  M  at 

rt 

w 

a 

a 

a 

a 

o  at  a 

rt» 

rta 

a 

a 

a 

a 

■*  • 

M. 

> 

rt- 

U- 

— ■  c  o  b- 

* 

M 

z 

i/ 

| 

z  ** 

T  T 

c 

c 

a 

o 

C  X 

— #  — 

i$ 

X 

l  M  J  * 

-*  »T 

c 

A 

a 

Z  ^  Q 

aa 

rg 

b- 

»  Uj  O  U  UJ  a  Ui  • 

JE 

S 

U.  —  U  O 

rt 

1 

IT 

X  V 

♦ 

c 

♦  ♦ 

u 

o  a 

•V  b- 

VJ 

a 

a- 

a 

a  V' 

a 

o  o.  c  at 

c  - 

a. 

■— 

rg 

<L 

a 

o  ^ 

ir 

art 

O' 

z 

^  LJ 

a 

O 

a 

ja  y. 

X 

a 

X 

*  X 

o 

z 

or 

o 

o 

or 

art 

a 

a 

fr 

<•  C 

a  o 

a 

--  UJ 

a- 

UJ  o 

•  • 

o 

rtrt 

UJ 

o 

X  * 

a  e 

rt 

rt 

C7 

a 

a* 

c 

z 

o 

*>  ^ 

I*' 

♦ 

T  if 

Z  b- 

a 

m  it 

Ml  X 

z 

*• 

z  z  u  — 

•  UJ 

c 

0 

i 

a 

• 

• 

a 

art 

» 

i 

H 

c 

H 

a 

—  or 

a 

--  b- 

vn 

X 

OCJua 

t**  Ul 

IT 

z 

z 

r< 

z 

a 

*■ 

«p. 

H 

b* 

w 

rt- 

C  C 

c  a 

u  ^ 

c 

•“  ■“  b- 

a 

CL 

b- 

M 

M 

«r 

UJ 

vn 

VO 

a 

a 

•a 

o 

1/ 

u 

w 

D 

—  */) 

»* 

H 

N 

rt 

N 

N 

a 

art 

b- 

X 

X  C) 

b- 

b» 

H 

z 

• 

• 

a 

rt  b* 

a 

rt* 

O 

u. 

z  z  c  — 

u<  Z 

a. 

u. 

u. 

z 

b^ 

o 

w 

a* 

c 

c  ►* 

aa 

a* 

rti  • 

a 

a 

a 

< 

ft 

o 

u,  uj  T  at 

b- 

N 

a  or 

Z 

C 

rt 

a 

X 

H 

or 

a 

a 

a 

ar  a 

« 

b- 

K 

c 

5 

f*  NOf 

•# 

r  r 

a 

* 

ct 

Z  X  1  X 

**  «— 

rt 

«— 

rt 

— 

►- 

w 

c 

•rt 

X 

Z 

z  z 

X 

aa 

X 

a  tr 

IT 

a 

IT 

l/> 

a  a 

-# 

a  c 

O 

“  O  a 

Of  u 

O  Q. 

o 

u. 

a 

a 

or 

a 

a 

ar 

c 

*** 

O  b- 

.■* 

b- 

b- 

r  c 

rt 

c  z 

1/ 

o  C  V  X 

X  *- 

->  z 

z 

z 

X 

X 

z 

*■ 

Z 

1  c 

X 

a 

u 

u  u 

u  u 

■rt 

rv 

rtrt 

rvj 

u. 

IT 

o 

it 

c 

•  • 

o 

i r 

o  o 

o 

*> 

o 

bg  #a 

v/ 

rt- 

aU 

fL 

IT 

»r 

c  r* 

® 

CL 

o 

o 

C  C 

Vb 

C 

a 

a 

vr  o 

cr 

T 

L-  u 

u 

UJ 

> 

Z 

< 

or 

rtrt 

m  r 

U>  «© 

b» 

o c 

o 

o 

— 

bg 

ir 

*  ^ 

« 

c 

art 

<v 

»r 

* 

brt 

00 

O' 

o 

art 

bg  fa 

<#  IT 

o  c  o 

o  o 

o  o  o 

rt 

rt 

— 4 

rt 

■rt 

art 

M* 

art 

•rt 

fu 

fsj  fSj 

rv* 

fSj 

f\J 

bT|  fTr 

Ki 

o 

coo 

o  c 

o 

c 

a 

o  c 

o 

c  c 

c 

c 

o  o  o 

c 

C 

c 

O  C 

o 

c 

O 

o 

o 

o 

o 

c  o 

Cj  O 

U. 

o  o  o 

o  o 

o 

o  o 

o  c 

o 

c 

c 

u 

o  o 

o 

o 

C 

c 

O  O  C 

o 

o 

O  O 

o 

o 

o  c 

o  C 

TABLE  XVIII  -  Continued 


rp«raM  iv 

*0021  *4  PS  V2ASICN  1.  124ft  2  0*22  *41*2 

coot 

SUMfHjVlAF  MAN 

r 

•  •  nr  MMirn  r nr  i'ikciii'n  IS  in  c*iCut»fF  i2r**nrv**“ic  paamfifas 

GOD? 

ni“2NSIPN  C» “12001 ,21  (2001  ,  2  2  P 1  20"  1  , 1 M  200 1  ,24,  PC  ( 200 1,  NP2 SI  2C  1 

0003 

PI^CNSIO*  M70CI.  TI730I  t 1|  ll  F  1  ?M  ,  *t?00> 

<no* 

common  c i“.nii'j».osrifo.f2  .nr.f*,f*PC,Mi,*Pis.NSPffc,p,T,r  mi, 

IU.Mll  .t«|  ,H»n, 1*0,21  . P|  ,2 

Cnn« 

*•4* 

cr  06 

*¥•0 

OOCT 

N*Y«C 

POOR 

i 

*91  Tr  1  2,  1011  f|  HE  »n$PCf0,07lCn,f 

O^pq 

MG*t 

0010 

OJ  70  I*  i.NS*fEO 

001 1 

VliTHS  1 04  If  h*C  I*  1 

ftf>1  7 

biPMlt  1001 

ccn 

4*122 I1.ICII 

on* 

NOV-NOV*  l 

0*1* 

2NPCI  1  1-2NPC  (ll/ICC. 

0010 

NAG<>**P?SI  1  WMC-l 

OCH 

00  1C  J»A4G,NAGG 

oot« 

fNN.fNI J»/SO»Tir  J 

rci9 

22-11 

P7  mP  \ 

0021 

y?i*aipoi  r  ?  i 

0022 

f!*f|*K  Jl 

0021 

f  411  SMAF1  J,I2,I1,P2.P1,M2.H1.CP4,«-.A“»AI 

0074 

0HI-H3  -M7 

or 

T3  ll-Atnoi  T  31 

0020 

ff-OHl  /Ml  Jl  *<00. 

0022 

MC.n-CIN/lFNPCI  II  l«*2 

0020 

HCOI-nil/lfSPf  II  11**2 

002" 

H)«I47#0M 

0010 

CM  L  4“**!  I  4.21,1  1,P1,P1  ,M1,H1  .CPM.GAHPAI 

0011 

m«*irr,n*i 

or '2 

2*211-21/12 

non 

FN1*FNN/ITMF11**.41 

oci* 

mji-m  ji*f 

ooio 

fcj-ht  J)*l 1«C  21**. 41 /PI Jl 

coin 

PPPI  Jl»l  11U-I21  1/12  11-1211*100. 

0012 

UP  Ilf  11.  102  141  Jl  ,PIJI  ,Ef  1  Jl  .ffPlJI  »€AN,FM,NCP»  HCP  I ,  W  J 

oru 

\v*nv«  1 

0039 

N*.N-NV-A*NOY 

0040 

IFINP  I4.4.1C 

cool 

4 

NY  *0 

00*2 

N0Y«0 

0043 

w«l!2 (1,  1C1I  lilt f .OSPCf 0,021  OP, 2 

ro44 

10 

C1N1IHUF 

CC49 

NAG-NAGG* 1 

004#. 

20 

C.1N  TINGE 

004  7 

RETURN 

004* 

100 

!o*i* 1 1 / 14, •  inif i  co«',i2o.*pprs4u*f*.ii*,,»ci»o*!ic,,!49, •pmrpn 
ip|r*,i»», •rr*«*r  no*.  itt.-n/sopii  tMrin  •  ,i<*A.'ncc',iU2,'HCni', 

21120, *F«1 1  CO**' 1 

CC49 

101 

F0ANA1I 14,  -FLCM.IBS/SFC*.  220  . -P  A1  20-  ,T  J  1, -F FFV  , PFACEN2  ',  261,  •  JPFF C 
1, API', 11  Ic.'llOP.tPS/SfC.  ',T4*,'EFFV'/I 

cc*n 

102 

FIONA M F  11.*, F  12.  ’,214.  2,  FI  5. 2, 2 14. 0,214.!, 2  14.2,  r  14. 2,  FI  1.11 

0041 

If  1 

riPXAll  1 M 1  / / ,  16,21*2  /  121,  210.0,  111,*  PPP  14  CfSIGN  PflM* 

AVI  IN— UT 

1  1*2, 'CCAAEC120  5M  42  1  SPlff'  /  121, FI". I,  1 12,  'IP4/SF C  IS  CfSICN* 

2  140,-POINl  COAAfClfO  AlA2lOt(',6*,'SCAlE  F*C10*  IS  ',14.1/1 

AVI  IN-  U1 

CM2 

104 

FOIIMAT  {/T4,F  4.1,  211,'PlPCrNl  (IF  CFSICN  SPEFO  OFVflCPS  INF' 

AVI  IN 

1  T4M  fMULnhlNG  PfPfMRNANCF  •  1 

RYTIN 

0043 

f  NO 

192 


TABLE  XVIII  -  Continued 


— 

2 

2 

V‘ 

fT 

(T 

© 

- 

to 

er  2 

2 

2 

•*» 

S' 

to 

to 

2 

a 

\A 

c 

ft 

2 

to 

to 

2 

2 

to 

2  — 

2 

2 

to 

to 

UJ 

V 

r 

c 

• 

• 

• 

• 

• 

to) 

2 

ft  « 

• 

to 

ft 

to 

2 

r+ 

• 

• 

to 

« 

LT 

to 

© 

2 

• 

•  to 

2 

2 

2 

2 

to 

to 

to 

• 

© 

2 

e* 

2 

2 

2 

• 

© 

ft  ig 

w 

to 

to 

to 

ft 

to 

to 

to  © 

to 

r  - 

r  i 

2 

2 

2 

to 

2  «— 

rg 

• 

• 

• 

U. 

C 

ft 

• 

• 

to 

to 

• 

• 

» 

• 

• 

• 

• 

•  * 

• 

• 

m 

• 

C 

ft 

O 

\A 

C.' 

to 

<N. 

c 

ft 

to 

to 

»r 

• 

2 

a* 

© 

to 

2 

to 

w 

or 

to 

3 

X 

c 

• 

• 

2 

V 

C 

to 

2 

2 

e*  r. 

ft 

ft 

2 

2 

ft 

to 

V 

to 

» 

ft> 

• 

• 

• 

• 

• 

© 

2 

o  • 

• 

to 

to 

“ 

ft 

ft 

1% 

• 

• 

O 

2 

o 

2 

to* 

• 

•  2 

to 

ft 

2 

2 

O 

ft 

> 

• 

mm 

c 

c 

e- 

2 

2 

2 

2 

• 

to 

©  — 

to 

to 

to 

to 

to 

c 

V. 

o 

ft> 

2 

to 

fN 

*e, 

2 

2 

2 

to 

2  — 

to 

• 

• 

• 

ft 

a 

2 

2 

D 

to 

o 

• 

2 

r 

» 

• 

» 

• 

• 

» 

• 

•  • 

• 

• 

» 

• 

«! 

to 

to 

to 

to 

<r 

to 

z 

a 

> 

> 

ft 

a 

• 

• 

• 

2  2 

C 

rg 

2 

2 

ft 

>■ 

u. 

to 

to 

« 

• 

© 

2 

2 

o 

to 

2 

2 

ft 

*■  © 

mm 

ft 

— 

— 

C 

2 

X 

2 

a 

c 

o 

to 

• 

• 

• 

• 

• 

• 

• 

2 

2 

ft  • 

• 

c 

e* 

«•» 

c 

to 

to 

UJ 

• 

*N)  C 

© 

h» 

2 

eg 

2 

to 

2 

« 

•  mm 

to 

ft 

2 

2 

r* 

I 

to 

to 

✓ 

✓ 

2 

to 

O 

r 

c 

2  2 

2 

to 

to 

• 

2 

to  © 

■M 

to 

to 

to 

a 

to 

to 

ft 

u. 

ft 

ft 

to 

2 

o 

to 

eg 

** 

2 

2 

to 

*• 

2  — 

to 

• 

• 

• 

ft 

& 

U- 

to 

a. 

to 

to 

a. 

to 

• 

N 

• 

• 

• 

» 

» 

• 

• 

•  • 

• 

• 

ft 

4 

X 

to 

ft 

✓ 

2 

mi 

2 

• 

• 

• 

C 

to 

2 

O 

c  c 

to 

to 

*v 

ft. 

to 

• 

c 

* 

a 

0 

to 

ft 

• 

O 

to 

to 

to 

to 

• 

o 

• 

« 

2 

a 

<r 

2 

< 

2 

0 

2  2 

© 

2 

2 

SmJ 

2 

Ui 

z 

2 

• 

C 

2 

2 

to 

to 

to 

O 

2 

© 

© 

• 

• 

• 

• 

• 

2 

to 

to  © 

• 

© 

ft 

© 

a 

to 

to 

to 

to 

3 

2 

« 

ft  to 

w 

e 

to 

2 

2 

2 

o 

© 

to 

ft 

2 

• 

•  • 

ev 

2 

ft 

2 

© 

to 

2 

• 

to 

to  > 

a: 

to 

►» 

to 

2 

0 

2 

2 

eg 

to 

to 

• 

to 

to  © 

© 

r\ 

to 

to 

o 

• 

-J 

U 

ft- 

to 

• 

• 

• 

ft 

C  or 

« 

to 

■s 

to 

to 

N 

*r 

2 

2 

to. 

to 

to  © 

• 

• 

• 

«\ 

C 

C 

C 

c 

2 

m- 

to 

ft  r* 

2 

m 

• 

» 

• 

* 

» 

• 

• 

• 

• 

• 

•  • 

m 

• 

• 

i 

ft 

ft 

to 

T 

2 

• 

a  to 

sA 

ft 

* 

•  & 

2 

2 

u 

to 

to 

•_ 

to 

to 

to 

<c 

•» 

• 

• 

to 

•« 

u 

u.' 

ft 

to 

c 

ft 

L 

2  to 

2 

to  2 

to 

> 

ft 

O 

c 

• 

r» 

ft 

2 

to 

to 

2 

© 

i  *► 

O 

_> 

2 

ft 

to 

ft 

to 

> 

2  O  to 

r 

to 

ft 

W“ 

© 

c 

c 

2 

2 

a 

to 

to 

2 

to 

©  © 

c 

to 

to 

© 

• 

Z 

to 

2 

ft 

■— 

o 

U 

to 

to 

•>  M 

to 

ft 

to 

to 

> 

2 

C  t 

■ 

• 

• 

• 

• 

O  to 

to  ft 

• 

O  to 

e» 

WL. 

IN) 

to 

< 

to 

to 

to 

2 

C 

ft 

c 

ft 

N. 

►“  C> 

mm 

c 

2 

• 

to 

2 

c 

2 

ft 

2  © 

2 

c 

• 

•  • 

2 

2 

ft 

2 

& 

> 

o 

->  a 

to 

2 

2 

ft 

ft 

ft 

ar 

ft 

ft 

to 

to 

to 

2 

eg 

to 

C  © 

• 

O  eg  O 

to 

to 

to 

to 

U a 

•  C 

to 

to. 

ft 

c 

to 

o 

ft- 

c 

to 

to  to 

to 

ft 

C 

2 

• 

• 

• 

• 

to 

eg  2 

2 

2 

to 

to 

to  ft 

• 

• 

• 

w 

mm 

to 

to 

to. 

to 

2 

to 

2 

to 

2 

c  c 

> 

ft 

2  < 

C 

* 

• 

• 

• 

• 

» 

• 

•  • 

• 

• 

• 

• 

a 

v/1 

2 

to 

u. 

•A 

to 

ft 

to 

ft 

to 

•  C  ft 

2 

ft 

to 

C 

o 

• 

• 

• 

• 

to 

to 

X 

ft 

c 

ft 

C 

»✓» 

Or 

_ 

to 

> 

O 

2 

2 

o  o 

o 

2 

2 

ft 

2  e 

© 

O 

to 

to 

to 

ft»  2 

to 

2 

to 

2 

to 

• 

2 

to 

to 

* 

ir 

2 

2 

2 

rv  C 

to- 

ft 

to 

to 

2  to 

mm 

© 

« 

2 

ft 

2 

2 

2 

2 

to 

2 

to 

ft 

X  ^ 

✓ 

ft 

C 

ft 

to 

* 

ft 

• 

• 

• 

• 

• 

to 

to 

©  to 

• 

© 

2 

2 

•  2 

to 

2 

to 

to 

m 

• 

to 

*  2 

to  e  2 

2 

to 

• 

to 

to 

to 

to 

2 

2 

2 

C 

2 

2 

•  # 

to 

to 

2 

2 

2 

mm 

u 

• 

M 

_ 

* 

to 

2 

2  2  2 

X 

=>  2 

ft 

w 

C 

o 

© 

to 

O  © 

© 

to  mm 

2 

to 

to 

to 

C 

to 

to 

< 

« 

X 

O  2  2  2  2 

• 

ft 

to  C 

2* 

• 

> 

• 

M 

eg 

2 

to 

2 

to 

ft 

to  to 

• 

• 

• 

• 

to 

to 

to 

m> 

•— 

mm 

ac 

a 

u.' 

to 

to  to 

to  C  to 

to  ft 

2 

ft* 

• r 

• 

• 

• 

• 

• 

• 

• 

•  • 

• 

• 

• 

• 

2 

o  « 

ft 

• 

ft 

to 

ft 

ft 

a 

a 

to 

to 

y 

vj 

mm 

•  X 

> 

** 

to' 

z 

X 

• 

• 

• 

• 

• 

at 

to 

2 

c 

c 

© 

* 

• 

• 

ft 

O 

O 

C 

c 

to 

to  *- 

e 

ft 

to 

c 

to  ©  to  • 

to 

O 

eg 

2 

c- 

mrn 

Ui 

U. 

3 

Z  to 

N 

eg 

n 

to 

to 

a 

or 

ft 

ft 

• 

to 

2 

to 

• 

c 

to  O  to 

2 

o 

to 

2 

O  O 

2 

—  © 

2 

ft 

ft 

e* 

at 

u. 

to 

to 

to 

ft. 

T 

mm 

ft 

ft 

ft 

ft 

ft 

ft 

to 

r.t 

O 

e  to 

t 

o 

o 

2 

• 

• 

• 

• 

• 

• 

2 

2  C  2 

• 

© 

2 

2 

i 

O 

• 

c 

to 

• 

• 

• 

mm 

a 

< 

to 

to 

o 

to 

to 

eg  a 

2 

to 

eg 

to 

O 

ft 

•  • 

M 

to 

2 

2 

/ 

UJ 

C 

to 

mm 

0 

ft 

to 

to 

to 

to 

to 

to 

to 

ft 

< 

at 

to 

• 

• 

• 

to 

C 

2 

ft 

to 

• 

• 

2  to 

2 

to 

eg 

to 

2 

X 

to 

2 

ft 

to 

ft 

X 

to 

X 

ft 

to 

5? 

ft 

ft 

ft 

ft 

X 

<A 

*  ac 

to 

C  U 

to 

* 

• 

to 

eg  ev. 

to 

2 

to 

2 

to  2 

• 

• 

• 

to 

to  o 

to 

to 

to 

9  to 

r 

D 

to 

• 

• 

• 

• 

• 

m 

• 

• 

•  • 

• 

• 

• 

a; 

to 

_ 

to 

2 

2 

2 

2 

2 

2 

2 

• 

to 

to 

to 

U 

► 

► 

o  to 

—  c 

X 

to 

to 

to 

to 

to 

• 

o  to  O  V 

to 

•v 

2 

X 

« 

O 

cr 

to 

u. 

to 

to 

to 

to 

to 

i r 

ft 

ft 

ft 

ft 

ft 

ft 

mm 

c 

to  m 

j 

to 

u. 

ft 

ft 

ft' 

© 

2 

2 

2 

to 

to 

to 

< 

to 

ft 

to 

> 

> 

> 

> 

> 

• 

at 

or 

3  3 

to 

to  to 

to  C  2  2> 

> 

> 

2 

to 

2 

2 

2 

"■ 

to 

a 

to 

mm 

mm 

M 

rnm 

ft- 

ft 

to 

to 

2  2*  ft 

ft 

mm 

c 

ft 

© 

to 

eg  *■* 

to 

to 

a 

J 

X 

ft 

ft 

o 

e 

to' 

c 

o 

C 

R 

ft. 

ft 

ft>  2 

X 

X 

u 

to  w 

to 

to 

to 

to 

to 

to 

• 

• 

» 

• 

to 

w 

o 

X 

X 

1 

1 

I 

1 

1 

1 

1 

T 

ft 

X 

to 

to 

to 

to 

to 

to 

c  X 

X 

X 

2 

T 

I 

X 

or 

% 

ot 

C  to 

c 

2 

1 

I 

1 

1  J- 

1 

to 

to 

a 

ft 

2 

T  ft 

ft 

ft  to 

to 

to 

to 

to 

to 

w 

a 

c 

u. 

ft 

ac 

a 

mm 

ft) 

ft* 

ft 

a 

to 

to 

e. 

ft 

to 

to 

sA 

at 

or 

ft 

2 

© 

c 

«• 

to 

M 

• 

* 

* 

N 

* 

e* 

to 

sA 

*A 

kA 

w/* 

sS 

to 

• 

• 

• 

• 

2 

2 

V 

2 

2 

2 

to 

ft 

to  ■- 

mm 

mm 

mm 

mm 

V 

to 

to 

-j 

• 

• 

• 

to 

«N 

to 

to 

to 

N 

2 

V 

2 

•* 

2 

to 

eg 

2 

2 

to 

to 

to  2 

2 

to 

r* 

UJ 

• 

• 

• 

X 

to 

to 

ft 

ft 

X 

X 

ft 

* 

—  1 

ft 

K 

C 

to 

o 

• 

• 

• 

to  ft 

o 

• 

• 

• 

to 

X 

• 

• 

• 

> 

*u  U  W 

U  to  to 

to 

to 

to 

to 

to 

to 

to 

to 

W 

to 

to 

to 

to> 

to 

to 

to 

to  to  to 

w 

to 

to 

to  (to 

i 

•t 

to 

«N< 

o 

O 

a 

o 

o 

o 

o 

c. 

a. 

_ 

193 


TABLE  XVIII  -  Continued 
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TABLE  XIX. 

ONE -SPOOL 

COMPRESSOR  MATCH  INPUT  LIST 

Card 

Inpvt 

Type 

Column 

Format 

Name 

Definition 

A 

1-72 

A 

TITLE 

User's  words  to  define  case 

B 

1-10 

D 

XND1 

First  compressor  design  speed,  RPM 

11-20 

D 

XND2 

Second  compressor  design  speed,  RPM 

21-30 

D 

ENPC1 

First  compressor  percent  speed 

31-40 

D 

BLOOD 

Interstage  bleed  flow  rate  -  lbs/sec 

41-50 

I) 

FL0RAT 

VBL  stator  flow  change,  percent 

C 

1-10 

D 

HC01 

First  compressor  actual  enthalpy  rise, 
BTU/lb 

11-20 

D 

HC0I1 

First  compressor  ideal  enthalpy  rise, 
BTU/lb 

21-30 

D 

W2 

First  compressor  exit  corrected  flow, 
lbs/sec 

31-40 

D 

HC02 

Second  compressor  actual  enthalpy  rise, 
BTU/lb 

41-50 

D 

HC0I2 

Second  compressor  ideal  enthalpy  rise, 
BTU/lb 

b  Blank  Card 

Each  Input  case  requires  one  data  set  of  cards  consisting  of  the  follow¬ 
ing  card  types  in  sequence: 


A, 

B  )C  )C  )C  |b  | 
B|C,C,C|C|b| 

B , C ,0,0 ,b , 
to 

b 

A 


Beginning  of  a  case 

For  first  speed  line,  a  C  card  for  each  point 
For  second  speed  line,  a  C  card  for  each  point 
For  third  speed  line,  a  C  card  for  each  point 

End  of  case 

Beginning  of  a  new  case 


Output  of  this  program  Includes  punched  cards  which  can  be  used  for  BLAH 
Input.  The  cards  (see  BLAH  Input  description)  are: 

b 

F,F,F,E, 

F.F.F.E, 

etc. 


The  E  card  is  out  of  order  and  is  moved  to  the  front  of  the  group  before 
submitting. 
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TABLE  XX.  ONE-SPOOL  MATCH  SAMPLE  OUTPUT 


«  ooo 
L.  C  •  •  • 

w  •»  O  o  o 

tto*  »to  * 
«  «  < 
».  ✓  r  ^  / 
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£  coo 

a.  /  r  P  » 

J  *" 


•  w  u  u 

CJ  C  •  •  • 

o  o  o 
*  *  •  * 


•  n  c  r> 
l.  r  ♦  .  . 

“3  *5t? 

-  t  4  4  « 
w  p  *  r  * 

3 


*  »  40  • 

n-  »•  p  ^  r 

IMNNL 


«??-  «  ss;- 


I  r  »  U  «  NfcK  U 


*  r  o  «*  o  ww  ^  »  u.  o»  44-* 

..•*  «  *  •  •  .  •  «*  •  •  •  • 

»-»-*■•  *-  a  *  »  ^  a  **  e  <  /  -  » 

•  *we»fc  «p  ✓  o  c  «  a  v'  O  » 


«*  ✓  o  c  «  a 

*  »  *  ^ 

U.  •  <  4  4  to 


■  4  r  <  W 

-  •  4  /  /  ^ 

to-  *  «-  -  * 

«  c. 


•  •  . «-  o 

^  9  IT  *-  «P 

to*  —  —  C 


-*  **  .*  »  * 
2  ' 


W7 


*ns»  cr**»*%SQ*  rfMCN  Vffp  f %  ^OTf^.n  ••*.\»cran  rr*r«\sn  cf\if*  *M»r  is  X/M 


TABLE  XXI.  ONE-SPOOL  MATCH  FORTRAN  LISTING 


fortran  jv  MunFt  **  PS  version  3,  lfvel  ?  date 

ONE  SPCCL  CCMPRFSSCR  GAUMING 
C 

r  XNOl  IS  FIRST  CCWFRfcSSCP  DESIGN  SPEEO 

r  XN02  IS  SECOND  COMPRESSCP  OFSIGN  SPFFD 

F  EPf.l  IS  FIRST  CFMOi>FSSCP  PFBCENT  SPFFD 

f  BLOOD  IS  INTERSTATE  fUF'"  ’'•  »>  RATE  IBS/SFC 
C  FLORAT  IS  VHl  STATOR  FcOh  CHANGE 
C  KOI  IS  FIRST  C  CMPRF  SSOP  ACTUAL  FNTHALPY  RISE 

f  HCO 1 1  IS  FIRST  CCPPRFSSrP  IDEAL  FNTHALPY  RISE 

C  M2  IS  r  I R  S  T  CrNPHESSOP  FXIT  CO<*RFCTcD  FLEW 
C  K02  IS  SFCDNO  COMPRESSOR  ACTUAL  ENTHALPY  RISE 
r  KOI?  IS  SECOND  COMPRESSOR  IDEAL  FNTHALPY  RISE 
r  Wl  INLET  FIO 

C  EFFl  LP  COMPRESSOR  STAGE  EFFICIENCY 

C  PP1  LP  COMPRESSOR  STAGE  PRESSURE  RATIO 

C  T 2  LP  COMPRESSOR  STAGE  EXIT  TERRFRATUPE 

C  M2  LP  CCMPRFSSCR  STAGF  FXIT  CCRR.  AIRFLOW 

C  VN2  IS  INTERSTATE  CORP.  SPEED 
r  FFF3  IS  HP  COMPRESSOR  EFFICIENCY 

C  PP2  IS  HP  COMPRESSOR  PRESSURE  RATIO 

C  T3  IS  HP  CCMPRESSCfl  TEMRFRATUPE 

C  Ml  IS  EXI T  COR".  FLOW 

C  XNI  IS  INLET  CO"R. SPEER 

F  PPO  IS  OVERALL  PRFSSURF  RATIO 

C  FFFT  IS  OVERALL  EFFICIENCY 

C  PUNCH-CARDS  ARE  GIVEN  ECR  INPUT  TC  PROGRAM  fLAH 

C 

CPCI  DIMENSION  T 1  TIE  I  1 BI • PL  1 8) 

r 

0P07  MR  I TE (3«113l 

0003  WRITE! 3(1131 

€•• . •  K  -  0,  1,  OR  2.  IT  IS  THE  NUMBER  OE  DATA  SFTS  PUNCHED 

(•••*•»•♦  J  IS  THE  NUMBER  CE  DATA  POINTS  ON  A  SPEED  LINE 
0004  H1-123.SN 

0005  1  MRITEI2.113) 

TOO#.  READ  1C7, TITLE 

OPOT  MR  1  TE  1  3d0?l  TITLE 

OOOR  5  RFAO  ICO . XNO  I  .XN02.E NRC1 ,BLOCO(  ELCR AT 

C0C9  IE  I KND 111.1(7 

0010  7  J«C 

0C1I  X»0 

ooi?  no  #>  s  *  i . p 

0013  6  PUINI  ■  0. 

0014  MR ITFI 3 . 10 1 1 XNO l . XM72 

0P14  MR  I TF I  3 , J  04  I FNPC 1 

on*  FNRC  I  «FNPC  1/100. 

0P1 7  1FIEL0RATI 2, 7,2 

OOIR  2  WRITEM,  1  14)  FLORA? 

00l«  3  IF  I  81000)9, 4, e 
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T *.BT  E  XXI  -  Continued 


FUP7KA1,  iv  ‘<nrcL  '.6  P‘  version  i.  uvri  ?  o*  r  f  5  .w 


oo?o 
nr?  i 
or?? 
o  c?  i 
or  ?6 
or?5 

cr?h 
no?  7 
rp?o 
0079 

oe -^o 
00?  I 
CM’ 
nru 
co  35 
00  35 
0035 
00  3  7 
0036 
00 


CC60 
005  1 
005? 
005  3 
0055 
Cl.  5  5 
0055 
005  7 
005» 
0060 
0050 
C051 
005? 
0053 
0055 
0055 
0055 
CCS  7 
0058 
00  59 
0060 
0061 
006? 
006  3 
0065 
0055 
0055 


8  v>?nrn,ic8i»i(To 

k'U  TF  (  I  OC  1 

„<  MM  ?.  I  |0t 
9  k»  I  Tf  <  3 , 106  1 
W*  I  Tf  I  3.  106  1 

10  «fao  i re. mchi ,ncni  i . h? ,ncr?  ,5f.r i ? 

I  m  nr  o  i  m  .  1 1 ,  i  s 

11  1515116,16.1? 

I  ?  kR  I7F  (  7.  Ill  II  Pill  M  ,5*1.6) 
no  1  3  N  *  I  ,  P 
1?  PIIINI  =  0. 

16  A  =  IOC.»f  SPf  I 

h»  ITU  I  1  ’)  I  J,  A  I 
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r099  11?  FORMA  r  {  IP,  FP.2  ) 

OlOfl  113  «=0RMAT( /) 

0101  114  FORMAT!  T? , ’ STA  TOR  BLADE  PCH  AKGLE  ACJUSTPCKT  PCVFS  THE* 


TABI.I  XXLI .  TWO-SI’OO! 

,  COMPRESSOR  MATCH  INPUT  LIST 

Card 

Input 

Type  Column 

Format  Name 

Definition 

A  1-72 

A 

TITLE 

User's  words  to  define  case 

B  l-  10 

1) 

XND1 

First  compressor  design  speed,  RPM 

11-20 

D 

XND2 

Second  compressor  design  speed,  RPM 

21-30 

D 

ENPC1 

First  compressor  percent  speed 

31-40 

D 

ENPC2 

Second  compressor  percent  speed 

C  1-10 

D 

HC01 

First  compressor  actual  enthalpy  rise, 

BTU/lb 

11-20 

D 

HCOI 1 

First  compressor  Ideal  enthalpy  rise, 

BTU/lb 

21-30 

D 

W2 

First  compressor  exit  flow  rate,  lb/sic 

31-40 

D 

HC02 

Second  compressor  actual  enthalpy  rise, 

BTU/lb 

41-50 

D 

HCCI2 

Second  compressor  Ideal  enthalpy  rise, 

BTU/lb 

b  Blank  Card 

Each  Input  case 

requires  one  data 

set  of  cards  consisting  of  the  follow- 

in#  card  types 

in  sequence: 

A, 

Beginning  of 

a  case 

ft  ,C  ,(!  ,C  ,b 

For  first  speed  line,  a  C  card  for  each  point 

H,C,C,C,b 

For  second  spend  line,  a  C  card  for  each  point 

B,C,C,C,b 

For  third  speed  line,  a  C  card  for  each  point 

to 

b 

End  of  case 

A 

Beginning  of 

a  new  case 
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TABLE  XXIII.  TWO-SPOOL  HATCH  SAMPLE  OUTPUT 
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The  prime  objective  of  this  program  is  to  define  the  preliminary  design  and  matching 
e  a.i  axial-centrifugal  compressor  for  minimum  engine  specific  fuel  consumption  at 
60  percent  power  and  30  percent  power,  with  secondary  importance  attached  to  SFC 
at  100  percent  power. 

Analytical  procedures  were  employed  to  investigate  effects  of  engine  cycle  parame¬ 
ters,  stage-matching  characteristics  of  several  axial  and  centrifugal  compressors, 
variable  compressor  geometry  (two-spools  and  stator  variable  setting  angles),  and 
power  turbine  variable  area,  upon  minimum  fuel  consumption.  Design  studies  were 
employed  in  the  consideration  of  shafting  and  component  arrangements.  Compara¬ 
tive  engine  complexity  of  one- spool  and  two- spool  compressors  in  front  drive 
engines  was  evaluated  in  the  selection  of  an  optimum  compressor  configuration. 

The  selected  compressor  preliminary  design  is  based  closely  on  stage  pressure 
ratio  levels  that  have  been  attained  in  previous  developments;  and  requirements  are 
an  axial  compressor  with  improved  efficiency  and  demonstrated  flow  variability  and 
a  centrifugal  compressor  with  modified  configuration  for  close  coupling  behind  axial 
stages.  The  selected  compressor  can  be  developed  in  a  three-year  program. 


